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ABSTRACT 
 
In this study, we explored the archaea diversity in four locations (Kuala 
Selangor, Port Klang, Port Dickson, Sungai Muar) along the Straits of Malacca using 
the cloning method. Four 16S rDNA clone libraries were constructed with archaea 
specific primers (Arc21F and Arc958R), and in total, 1074 randomly selected clones 
were screened by PCR-restriction fragment length polymorphism (PCR-RFLP) 
analysis using three different restriction enzymes (RsaI, CfoI, and DdeI). Majority of 
the sequences from three clone libraries were affiliated to Euryarchaeota whereas 
one clone library (Kuala Selangor) was dominated by Thaumarchaeota sequences. 
Phylogenetic analysis of 16S rDNA sequences showed high archaea diversity with 
the Shannon index from 2.16 to 3.24. Using the weighted non-normalized principal 
coordinate analysis, the archaeal communities of the four sites were clearly separated 
from each other. Via canonical correspondence analysis, the distribution of OTUs 
could be related to environmental variables especially chlorophyll a concentration. 
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ABSTRAK 
 
 Kami mengkaji diversiti arkea di empat lokasi (Kuala Selangor, Port Klang, 
Port Dickson, Sungai Muar) sepanjang Selat Melaka dengan teknik pengklonan. 
Empat perpustakaan klon 16S rDNA telah dibina dengan menggunakan primer 
specifik untuk deteksifikasi arkea (Arc21F and Arc958R). Sejumlah 1074 klon yang 
terpilih secara rawak telah disaring dengan teknik analisa PCR-RFLP dengan 
menggunakan tiga jenis enzim restriksi yang berlainan (RsaI, CfoI, and DdeI). 
Majoriti sekuen dari tiga perpustakaan klon menunjukkan persamaan dengan filum 
Euriarkeota, kecuali satu perpustakaan klon (Kuala Selangor) yang menunjukkan 
dominasi sekuen Thaumarkeota. Analisis filogenetik sekuen 16S rDNA 
menunjukkan diversiti arkea yang tinggi dengan bacaan indeks Shannon dari 2.16 ke 
3.24. Analisa statistik multivariat Principal Coordinate Analysis (PCoA) 
menunjukkan komuniti arkea di empat lokasi yang dikaji ini jelas dipisahkan dari 
satu sama lain. Canonical Correspondence Analysis (CCA) digunakan untuk 
karakterisasi hubungan distribusi unit operasi taxonomi (OTU) dengan 
pembolehubah alam sekitar. Analisa CCA menunjukkan distribusi unit operasi 
taxonomi mungkin dikaitkan dengan pembolehubah alam sekitar, terutamanya 
kepekatan klorofil a. 
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INTRODUCTION 
 
1.0 Archaea, the third domain of life 
Archaea is the third domain of life (Figure 1.0) and its evolutionary 
relationships among archaeal species are established based on rRNA studies. 
Archaea is once thought to primarily inhabit extreme aquatic and terrestrial 
environments such as hot springs (Huang et al., 2011), deep-sea hydrothermal vents 
(Moyer et al., 1998, Edgcomb et al., 2007), hypersaline (Ahmad et al., 2011) and 
psychrophilic (Margesin and Miteva, 2011) environments but is now commonly 
found in mesophilic environments based on culture-independent analysis of rRNA 
gene sequences (Brochier-Armanet et al., 2008, Bergmann et al., 2010). 
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Figure 1.0 Phylogenetic tree of the three domains of life (Bacteria, Archaea, 
and Eucarya) based on the evolutionary distance of the 16S rRNA molecule (adapted 
from Barns et al., 1996).  
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The domain Archaea consists of six main phyla; Euryarchaeota, 
Crenarchaeota, Thaumarchaeota, Korarchaeota, Nanoarchaeaota and Aigarchaeota. 
Euryarchaeota comprises of physiologically diverse groups; methanogens, extreme 
halophiles, and some hyperthermophiles (Massana et al. 1997). The phylum 
Euryarchaeota is further organized into eight classes (Table 1.0): Methanobacteria, 
Methanococci, Methanomicrobia, Halobacteria, Thermoplasmata, Thermococci, 
Archaeoglobi and Methanopyri.  The methanogens are classified into three distinct 
classes. Class I methanogens consisted of the orders Methanopyrales, 
Methanococcales and Methanobacteriales, and the Class II and Class III were 
composed of the order Methanomicrobiales and the order Methanosarcinales, 
respectively. Methanogens are strict anaerobes, while extreme halophiles thrive as 
obligate aerobes in highly saline environment. It is interesting to note that Archaea 
includes the sole organisms capable of methanogenesis; i.e. production of methane 
from hydrogen and carbon dioxide or from acetate (Gribaldo and Brochier-Armanet, 
2006).  
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Table 1.0 Classification within the phylum Euryarchaeota. 
Phylum: Euryarchaeota 
Class: Archaeoglobi 
Order: Archaeoglobales 
 
Class: Halobacteria 
   Order: Halobacteriales 
 
Class: Thermococci 
   Order: Thermococcales 
 
Class: Thermoplasmata 
   Order: Thermoplasmatales 
 
Class: Methanobacteria 
   Order: Methanobacteriales  Class I Methanogen 
 
Class: Methanococci 
   Order: Methanococcales  Class I Methanogen  
 
Class: Methanomicrobia 
   Order: Methanomicrobiales  Class II Methanogen 
   Order: Methanosarcinales  Class III Methanogen 
   Order: Methanocellales 
 
Class: Methanopyri 
   Order: Methanopyrales  Class I Methanogen 
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On the other hand, unculturable euryarchaeotal sequences have been 
retrieved from plankton samples obtained from the Pacific Ocean (DeLong, 1992) 
which forms a cluster referred to as the Marine Group (MG) – II archaea, which is 
distantly related to halophiles and methanogens (Figure 1.1).  
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Figure 1.1 Schematic tree showing the relationships of the four major groups 
(Marine Group I, II, III and IV) of planktonic archaea relative to cultivated groups 
(adapted from DeLong 2003). 
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In addition, MG- III, -IV and Marine Benthic Group (MBG) - D and –E are 
also lineages of euryarchaea, as identified by 16S rDNA sequence. MG-IV 
represents a group of sequences closely related to haloarchaea; thus suggesting its 
halophilic characteristic. Being clearly unique from all known planktonic sequences, 
MG-IV is linked with high depth in the water column, as they are amplified 
exclusively from deep-sea samples (Lopez-Garcia et al., 2001). MBG-D is 
equivalent to MG- III, as defined by DeLong (1998). MBG-D is isolated from 
subsurface marine sediments and has also been observed to be dominant in surface 
lake waters (Jiang et al., 2008).  The phylogenetic position of MBG-E between 
members of the Methanobacteriales and Methanosarcinales indicates a potential 
methanogenic phenotype within this group (Vetriani et al., 1999) (Figure 1.2). 
Similarly, culture-independent molecular analyses has led Takai et al. (2001) to 
reveal two more groups of euryarchaea; South Africa gold mine Euryarchaeotic 
Group-1 (SAGMEG-1) and South Africa gold mine Euryarchaeotic Group-2, from 
the fissure water of South Africa mines. These archaeal phylotypes possess 
relatively high G + C contents, indicating its thermophilic characteristics. The 
presence of novel Archaea sequences suggests that these gold mines contain unique 
thermophilic habitats. Therefore, it is not surprising that many more novel sequences 
could be retrieved when studying different unexplored habitats with culture-
independent methods. 
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Figure 1.2 Phylogenetic analysis of deep-sea benthic archaea (adapted from Vetriani 
et al., 1999). 
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The phylum Crenarchaeota is comprised of five orders: Thermoproteales, 
Fervidococcales, Acidilobales, Desulfurococcales and Sulfolobales, all within the 
unique class of Thermoprotei (Boone and Castenholz, 2001). Although most 
cultivated Crenarchaeota belong to the hyperthermophilic species, crenarchaeotes 
can be found in both temperature extremes, from boiling water, to freezing water. 
Various groups of uncultured archaea sequences associated with Crenarchaea have 
been reported from diverse ecological studies. These include MBG-A, MBG-B and 
MBG-C (Vetriani et al., 1999), reported from the study of deep-sea sediments. 
MBG-B Archaea proposed by Vetriani et al. (1999) is synonymous with the Deep-
Sea Archaeal Group (DSAG) (Inagaki et al., 2003). The widespread occurrence and 
metabolically active mesophilic Crenarchaeota in terrestrial and marine 
environments belongs to the uncultured clade of Miscellaneous Crenarchaeotic 
Group (MCG).  It is notable that the previously designated terrestrial miscellaneous 
crenarchaeotic group (TMEG) is then changed to MCG after the discovery of marine 
phylotypes. These mesophilic Crenarchaea forms a deeply divergent clade distantly 
related to hyperthermophiles. The term “miscellaneous” reflects the extensive 
habitual range of this group, including subsurface sediments (Zhang et al., 2010), 
freshwater (Jiang et al., 2008), soil, terrestrial hot springs (Barns et al., 1996) and 
marine hydrothermal vents (Teske et al., 2002).  
 
The phylum Thaumarchaeota is established based on the first genome 
sequence of a Group 1 archaeon; the sponge symbiont Cenarchaeum symbiosum 
(Hallam et al., 2006). This recently established phylum is further supported by the 
genome sequences of the chemolithoautotrophic ammonium oxidizer marine 
archaeon Candidatus Nitrosopumilus maritimus, the first archaea species to be 
isolated in pure culture (Könneke et al., 2005) and the moderately thermophilic soil 
10 
archaeon Candidatus Nitrososphaera gargensis (Spang et al., 2010). The first Group 
1 sequences are detected in marine environments by DeLong (1992), and are shown 
to form a distinct lineage from Crenarchaeota. It is vital to keep in mind that the 
frequently reported Marine Group 1 archaeon, including marine Group 1.1a and soil 
Group 1.1b from studies before the establishment of the phylum Thaumarchaeota, 
are at present being classified under the Thaumarchaeota. These mesophilic 
thaumarchaeotes form monophyletic groups (bootstrap value of 99%) with 
hyperthermophilic crenarchaeotes (Figure 1.3).  
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Figure 1.3 Maximum likelihood tree showing Thaumarchaeota forming a 
monophyletic group with hyperthermophilic crenarchaeota (adapted from Brochier-
Armanet et al., 2008). 
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A large number of uncultivated archaea 16S rRNA sequences recovered from 
environmental studies shows affiliation to the Thaumarchaeota. For instance, 
members of group 1.1c (restricted to acidic soils), SAGMCG-1 (subsurface mine), 
ALOHA group (open ocean), pSL12 group (hot spring) and the hot water 
crenarchaeotic group (HWCG)- III / Nitrosocaldus group (hot springs/ hydrothermal 
vents) (Pester et al., 2011).   Although this novel phylum comprises all known 
archaeal ammonia oxidizers, it is possible that not all members of this phylum are 
capable of ammonia oxidation. The energy metabolism of several clusters of 
environmental sequences within this phylum is yet to be determined. It has been 
shown that the membrane lipid crenarchaeol, which has been appropriately renamed 
to thaumarchaeol (Pester et al., 2011), is present in all analyzed ammonia-oxidizing 
archaea (AOA). Nevertheless, further in-depth studies of uncultivated 
thaumarchaeons are necessary to verify that thaumarchaeol represents a signature 
lipid for members of Thaumarchaeota. The presence of Thaumarchaeota in diverse 
environments, ranging from mesophilic to thermophilic environments acknowledges 
its physiological versatility. Dominance of Thaumarchaeota is observed in Tibetan 
hot springs (Huang et al., 2011) and the thermophilic group 1.1b Thaumarchaeote N. 
gargensis is reported to adapt to low ammonium concentrations (Hatzenpichler et al., 
2008), indicating a widespread distribution of  oligotrophic ammonia oxidizing 
members of the phylum Thaumarchaeota. 
 
The presence of the phylum Korarchaeota is determined only by 
environmental DNA sequences (Barns et al., 1996). Korarchaeota are thermophilic 
organisms which are among the most primitive of all life forms. This phylum 
includes sequences from hyperthermophilic environments and exclusively 
uncultivated species, as well as the ancient archaeal group (AAG) (Takai and 
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Horikoshi, 1999). The first korarchaeal genome being physically isolated from an 
enrichment culture inoculated with sediments from Obsidian Pool, Yellowstone 
belonged to Candidatus Korarchaeum cryptofilum (Elkins et al., 2008). Genome 
analysis suggests Candidatus Korarchaeum cryptofilum possess a physiology based 
on peptide fermentation. In addition, the harboring of crenarchaeal and euryarchaeal-
like genes support the deep-branching position of Korarchaeota in the archaeal 
lineage. Cultivation-independent census of Korarchaeota has revealed its presence, 
although in low abundance, in both terrestrial and marine habitats. For instance, 
Auchtung et al. (2011), provides evidence of an indigenous community of 
Korarchaeota in hot springs of Kamchatka, Russia. Screening of deep-sea 
hydrothermal vent niches at the East Pacific Rise (Auchtung et al., 2006) with 
Korarchaeota-specific primers identified additional Korarchaeota phylotypes. 
Reigstad et al. (2010) determines the diversity, distribution and abundance of 
Korarchaeota by analyzing 19 terrestrial hot springs from Iceland and Kamchatka, 
Russia, revealing the minority of Korarchaeota in Korarchaeota-positive hot springs. 
Korarchaeota are not detected in a variety of cooler temperature settings. The high 
G+C content of its rRNA may explain its thermophilic preference (Dalgaard and 
Garrett, 1993). Results of Miller-Coleman (2012) expand the geographical and 
geochemical range of members of the Korarchaeota and further acknowledge the 
low phylogenetic diversity and endemicity of Korarchaeota.  
 
Careful microscopy inspection of the crenarchaea Ignicoccus obtained from 
hot rocks taken from the hydrothermal system at Kolbeinsey ridge, north of Iceland 
led to the finding of tiny coccoid cells closely attached on the surfaces of Ignicoccus 
cells. With a cell diameter of only 400 nm, these coccoidal cells may be found 
occuring singly, in pairs or more than 10 cells on its symbiont, Ignicoccus. The 
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unique sequences of this coccoid cell, harboring many base exchanges in the highly 
conserved regions led to the proposed phylum Nanoarchaeota (the dwarf archaea), 
and the corresponding species Nanoarchaeum equitans (riding the sphere) which 
portrays the symbiotic relationship, living as a symbiont, possibly as parasites of the 
crenarchaeote Ignicoccus. This association is the first known example of a parasitic / 
symbiotic partnership involving two archaea, and moreover two hyperthermophilic 
organisms. Although able to occur on its own, Nanoarchaeum can only replicate 
when attached to its symbiont, Ignicoccus.  Nanoarchaeota phylum (Huber et al., 
2002) harbors the smallest genomes (500 kilobases) of all known prokaryotes. With 
a highly reduced genome, the nano-sized Nanoarchaeum equitans has virtually no 
obvious metabolic or energetic capabilities and, using unknown mechanisms, must 
obtain metabolites and energy from Ignicoccus hospitalis by attaching to its surface 
(Huber et al., 2002). To facilitate detection of Nanoarchaeota by fluorescence in situ 
hybridization (FISH), new oligonucleotide probes has been redesigned based on 
Nanoarchaeota sequence as 16S rRNA-targeted oligonucleotide probes directed 
against Crenarchaeota and Euryarchaeota (for example, EURY498R, CREN499R) 
(Burggraf et al., 1994) failed to stain cells of Nanoarchaeum equitans (Huber et al., 
2002).  At present, the phylum Nanoarchaeota harbors one genus with one species: 
Nanoarchaeum equitans (Huber et al., 2002). A study by Hohn et al. (2002) revealed 
the presence of Nanoarchaeota 16S rDNA sequences in hydrothermal biotopes in the 
deep sea, shallow marine areas and solfataric fields located on different continents. 
Subsequently, results of Casaneuva et al. (2008) shows that nanoarchaeotes are not 
obligate hyperthermophiles, with the findings of novel archaeal phylotypes in 
mesophilic hypersaline water and sediment samples. 
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Analysis of a composite genome sequence of the first representative of the 
uncultured lineage Hot Water Crenarchaeotic Group I (HWCGI), from the 
metagenomic library has uncovered unique genomic characteristics that are distinct 
from earlier reported archaeal genomes.  DNA isolation of Candidatus 
‘Caldiarchaeum subterraneum’ is performed from a sample obtained from a 
microbial mat community in a geothermal water stream, in which HWCGI 
dominates. An intrinsic trait of Eucarya; the eukaryote-type protein modifier system 
was observed in Candidatus ‘Caldiarchaeum subterraneum’. In addition, the 
genome of C. subterraneum reveals the presence of a type I DNA topoisomerase IB 
(TopoIB) family that has been found only in the Thaumarchaeota, and lost in the 
Euryarchaeaota and hyperthermophilic Crenarchaeaota. Phylogenetic analysis based 
on concatenated SSU+LSU rRNA gene (Figure 1.4), concatenated ribosomal 
proteins and RNA polymerase subunits and translational elongation factor 2 all 
expressed that C. subterraneum forms a robust cluster with Thaumarchaeota, and is 
distinct from the hyperthermophilic Crenarchaeota. Although so, the genomes of 
Thaumarchaeota present more euryarchaeotic features and C. subterraneum 
conserves more crenarchaeotic features. This led to the proposal of a novel archaeal 
phylum, tentatively called ‘Aigarchaeota’. However, more genomic studies is 
required to show if ‘Aigarchaeota’ represents a new archaeal phylum or will be 
classified as deep-branching member of the Crenarchaeota or Thaumarchaeota 
(Nunoura et al., 2011). The expanding collection of environmental sequences have 
contributed to our further understanding of archaeal diversity and at the same time, 
shows that the archaeal phylogenetic tree is more complicated than expected. 
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Figure 1.4 Maximum likelihood phylogenetic tree of concatenated (SSU+LSU) 
rRNA genes (adapted from Nunoura et al., 2011). Bacterial sequences were used as 
out-group. Numbers indicate bootstrap values from 100 replications. Caldiarchaeum 
subterraneum has been proposed to be in a new phylum, Aigarchaeota. 
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1.1 Molecular approaches in determining diversity and abundance of 
Archaea 
The abundance and composition of archaea is important in the study of 
environmental microbiology. The ubiquity and abundance of mesophilic archaea has 
been proven with the vast microbial ecology studies carried out in a wide variety of 
habitats. Terrestrial environments (Buckley et al., 1998) such as mangrove soil (Yan 
et al., 2006) and barley field (Poplawski et al., 2007) and aquatic ecosystems, such 
as marine water columns and sediments (Francis et al., 2005), mucus of corals 
(Siboni et al., 2008), deep marine sediments (Inagaki et al., 2006), and oceans 
(Wuchter et al., 2006, Lam et al., 2007, Mincer et al., 2007) do harbour archaea.  
 
DeLong (1992) reported evidence for the widespread occurrence of archaea 
in oxygenated coastal surface waters and suggested that high archaeal cell densities 
were a common feature of the world’s oceans. In addition, phylogenetic analyses of 
planktonic archaea indicate that marine archaea generally group within the 
Crenarchaeota and Euryarchaeota lineages (Church et al., 2003) and these two major 
phyla can account for as much as one-third of all prokaryotic cells in the global 
oceans (Karner et al., 2001). The wide distribution of archaea in oxic coastal surface 
waters shows that these microorganisms represent undescribed physiological types 
of archaea, which reside and compete with aerobic, mesophilic eubacteria in marine 
coastal environment (DeLong, 1992). Interestingly, uncultured mesophilic archaea 
are as ubiquitous in fermented seafood as in terrestial and aquatic niches (Roh et al., 
2010).  
 
The vital roles of microorganisms in nutrient cycling and food webs in the 
marine and estuarine environment increase the desire for knowledge of diversity of 
18 
microorganisms in microbial communities to better understand the complexity of the 
marine and estuarine environment. Modern genomic approaches have allowed 
scientists to gain further insights on microbes which have resisted cultivation.  
 
Konneke et al. (2005) succeeded in isolating a marine crenarchaeote that 
grows chemolithoautotrophically by aerobically oxidizing ammonia to nitrite, 
leading to the first observation of nitritrication in Archaea. Goh et al. (2006) isolated 
halophilic archaea on a medium which mimics hypersaline environment. Although 
some archaea have been cultivated, most archaea remains unculturable. However, 
many new tools have been developed to facilitate the study of the abundance and the 
diversity of these unculturable archaea.  
 
In order to gain new insight into the archaeal communities which resist 
cultivation, can be studied with the 16S rRNA gene clone library approach. 
Although this method enables the study of archaeal community, the analysis of 
clones is time consuming. Via this approach, Yan et al. (2006) constructed an 
archaeal 16S rRNA gene library from mangrove soil, and concluded that majority of 
the archaeal members of mangrove soil were marine in origin. 
 
Fingerprinting techniques are widely available recently. Denaturing gradient 
gel electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE), PCR- 
restriction fragment length polymorphisms (RFLP) and terminal- restriction 
fragment length polymorphisms (T-RFLP) are routinely used in both terrestrial and 
aquatic samples for investigating spatio-temporal dynamics of archaea diversity 
(Table 1.1).  DGGE provides both rapid comparison data for many communities and 
specific phylogenetic information can be obtained from sequencing of excised bands. 
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However, different phylotypes with very similar electrophoretic mobilities may 
reduce the quality of the sequences when an excised band is directly sequenced after 
PCR amplification (Diez et al., 2001). Although laborious, cloning of excised bands 
may produce much cleaner sequences when complex diversity is involved. The 
pursuit to characterize microbial communities has now reached a new phase with the 
growth of next-generation sequencing techniques (NGS), leading towards a more 
comprehensive description of the microbial community than cloning and sequencing. 
Zinger et al. (2012) discusses capacities and limitations of the available 
methodologies in gauging microbial diversity in aquatic ecosystems.  Table 1.1 
shows the various molecular techniques utilized in determining archaeal diversity in 
various environmental sources. 
 
The ability to determine the relative abundance of Archaea to Eubacteria is 
made possible with the development of improved quantification methods. Single-cell 
fluorescent in situ hybridization (FISH) with rRNA-targeted probes provides a 
method of directly detecting and quantifying whole, intact, individual picoplankton 
cells, enabling direct microscopic enumeration using an epifluorescence microscope. 
The abundance of planktonic Archaea and Bacteria in various aquatic ecosystems 
has been studied using this technique (DeLong et al., 1999).  
 
Intensification of the fluorescent signal and sensitivity of FISH technique 
have also been improved with the Catalyzed Reporter Deposition- Fluorescent In-
Situ Hybridization (CARD-FISH) technique. This technique employs an in-situ 
amplification method based on the deposition of a large number of labeled tyramine 
molecules by activity of a horseradish peroxidase which is coupled to a chosen 
oligonucleotide probe of particular specificity. Stronger fluorescent signal intensity 
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of hybridized cells is useful for detecting small and slower growing microorganisms 
that are otherwise difficult to detect. CARD-FISH can be employed in the 
quantification of 16S rRNA gene, as well as functional genes (Herfort et al., 2009).  
 
Real-time quantitative PCR (QPCR) has also been widely utilized in the 
quantification of 16S rRNA gene of archaea in samples from various environments 
such as lakes (Lliros et al., 2010), boreal mires (Juottonen et al., 2008), seafloor 
basal (Einen et al., 2008) and many more. 
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Table 1.1 Molecular techniques utilized in determining Archaea diversity. 
Molecular Method    Archaea source           References  
PCR-RFLP   Biogas plant                  Bergmann et al. (2010) 
   Estuarine region of East China Sea   Zeng et al. (2007) 
   Mangrove soil                  Yan et al. (2006) 
   Tropical corals                   Kellogg (2004) 
   Pine mycorrhizospheres        Bomberg et al. (2003) 
   Marine           Massana et al. (1997) 
 
T-RFLP  Sea ice                        Collins et al. (2010) 
Coastal Black Sea                                 Stoica (2009) 
   Deep-sea sediments     Luna et al. (2009) 
   Marine sediments             Braker et al. (2001) 
   Deep South African gold mines             Takai et al. (2001) 
 
DGGE   Epipelagic waters               Lliros et al. (2010) 
   Rivers              Herfort et al. (2009) 
Radioactive thermal spring          Weidler et al. (2008) 
Terrestrial hot springs      Perevalova et al. (2008) 
Hypersaline stratified  lake            Cytryn et al. (2000) 
 
TGGE   Wastewater treatment plants           Gomez-Silvan et al. (2010) 
    
Pyrosequencing Soil                     Leininger et al. (2006) 
   Arctic ocean             Galand et al. (2009) 
   Fermented seafood                Roh et al. (2010) 
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   Coastal microbial mat    Bolhuis and Stahl (2011) 
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1.2 Environmental factors influencing Archaea 
 The ocean covers 71% of earth’s surface of which 40% are tropical 
oceans (Longhurst and Pauly, 1987).  Tropical waters are vast in area and diverse in 
ecological conditions, but previous studies on archaea have been focused so far on 
extreme environments, and temperate waters. In Auguet et al.’s (2010) study of 
global ecological patterns in uncultured archaea, only 3 out of 67 environments 
studied are from tropical marine waters. The archaeaplankton communities of 
Guanabara Bay, which represents a tropical impacted estuarine is described by 
Vieira et al. (2007). Archaeal phylotypes from sediments of the tropical Western 
Pacific has indicated that similar phylotypes are not restricted to a particular 
environment (Zhang et al., 2010). Although there are some studies in tropical aquatic 
ecosystems (Vieira et al., 2007, Zhang et al., 2010) the archaeal community in Strait 
of Malacca remains to be revealed.   
 
Archaea are versatile in terms of adaptations, to a wide range of environment.  
Methanogens which exhibits a strictly anaerobic metabolism has been recovered 
from oxygenated water layers (Lliros et al., 2010). Martens-Habbena et al., (2009) 
demonstrated that “Candidatus Nitrosopumilus maritimus” strain SCM1 is adapted 
to extreme nutrient limitation. According to these authors, Nitrosopumilus-like 
ammonia oxidizing archaea (AOA) may benefit from this adaptation to compete for 
nitrogen sources. Even members of Halobacteriales, which are often termed as 
halophilic, are found to exist in abundance in high numbers in low salt condition of a 
spring (Elshahed et al., 2004).  
 
Although versatile, archaeal populations are influenced by environmental 
factors; one of which is seasonality, as observed in the polar marine environments, 
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where there is a decline of the number of archaea from winter to summer (Murray et 
al., 1998). Within the archaeal community, Crenarchaeota showed dominance from 
autumn to early spring, while Euryarchaeota were more abundant in summer and 
early autumn (Wuchter et al., 2006). Archaea has also shown dominance in a 
particular microbial community with environmental conditions such as high pH and 
high temperature (Robertson et al., 2005). In addition, Stoica et al. (2007) observed 
significant correlations between ammonia, nitrate and crenarchaeotal abundance, and 
salinity played a significant role in the archaeal distribution pattern when 
phylogenetic patterns and environmental factors were analysed using archaeal 16S 
rRNA gene sequences (Auguet et al., 2010). Marine archaea exhibits spatial 
variation where they are generally more abundant below the photic zone (Fuhrman 
and Ouverney, 1998).  On the other hand, biological factors such as total 
phytoplankton biomass and also its community composition have been shown to 
influence crenarchaeotal abundance in the North Sea, making these factors, together 
with nutrient concentrations useful for predicting crenarchaeotal abundance (Herfort 
et al., 2007). There was no specified presence of different types of archaeal groups in 
terms of free-living or particle fraction. However, archaeal communities were 
remarkably different in riverine, coastal and marine waters (Galand et al., 2008).  
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1.3 Biotechnological aspects of Archaea 
As archaea is capable of thriving in extreme environments, there are intense 
efforts to unveil potential biotechnological applications of their stable cellular 
components. Many useful enzymes have been isolated from these extremophiles 
through cloning of genes encoding these enzymes into mesophilic host cells. Most 
have industrial applications as summarized in Table 1.2 (Alquéres et al., 2007). 
Although archaea has been utilized in numerous applications, there are still large 
reservoirs of genes which are of great interest in biotechnology. The main 
requirement is the availability of pure, intact, high molecular weight DNA. Although 
unculturable, the genome fragments are still useful for expressing protein-encoding 
genes. This gives another reason to as why the knowledge of the diversity of 
uncultivated archaea is important. 
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Table 1.2 Industrial applications of archaeal products (adapted from Alquéres et al.,    
2007). 
 
Phenotype      Condition   Product    Application 
Thermophile  High temperature  Amylases     Glucose, fructose 
(45 - 110ºC)            for sweeteners 
Xylanases       Paper bleaching 
Proteases                Baking, brewing, 
  detergents 
DNA polymerases        Genetic engineering 
 
Psychrophile  Low temperature  Proteases       Dairy production 
(>15ºC)         Dehydrogenases    Biosensors 
Amylases           Polymer degradation in 
   detergents 
 
Acidophile  Low pH (0 - 4)  Sulfur oxidation    Desulfurization of coal 
 
Alkalophile  High pH  (8 - 11)  Cellulases                Polymer degradation in 
  detergents 
 
Halophile  High salt   Whole                Biopolymers 
concentration   microorganism 
 
Piezophile  High pressure    Whole    Formation of gels and 
microorganism             starch granules 
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Metalophile  High metal   Whole              Bioremediation,  
           concentration  microorganism            metal biomineralization 
 
Radiophile  High    Whole                      Bioremediation of  
                        radiation levels          microorganism radionuclide    
contaminated 
                                                                               sites 
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1.4 Aim of this study 
Little is known about biogeography and ecological characteristics of archaeal 
diversity especially in tropical coasts, rivers, and lakes (Vieira et al., 2007). The 
desire for new environmental archaeal 16S rRNA sequences, including recognition 
of their phylogenetic affiliation to specific archaeal lineages, is crucial for the further 
understanding of the environmental preferences of these uncultured archaea and to 
obtain a clearer picture of archaeal diversity and phylogeny (Auguet et al., 2010). 
This study aims to give a better insight of phylogenetic diversity and spatial 
distribution of archaeal communities in four stations along the west coast of 
Peninsular Malaysia, namely Port Dickson, Port Klang, Kuala Selangor and Sungai 
Muar. Physico-chemical parameters were also measured in these sites to show the 
correlation of environmental physico-chemical parameters with the existence and 
diversity of Archaea. 
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MATERIALS AND METHODS 
 
2.0  Sampling  
Seawater samples were collected about 0.1 m depth at four sampling stations 
i.e. Kuala Selangor (KS) (3˚ 20’ 52” N, 101˚ 15’ 6” E), Port Klang (PK) (3˚ 0’ 2” N,   
101˚ 23’ 29” E), Port Dickson (PD) (2˚ 29’ 34” N, 101˚ 50’ 22” E) and Sungai Muar 
(SM) (2˚ 2’ 56” N, 102˚ 33’ 8.9” E). These stations are situated along the west coast 
of Peninsular Malaysia, and face the Straits of Malacca (Figure 2.0). Straits of 
Malacca is one of the busiest shipping lanes in the world (Yap et al., 2002). KS, PK 
and SM are mangrove-lined estuaries whereas PD is a sandy coastal system, and 
each station was sampled three times (Table 2.0). Physico-chemical and selected 
variables were measured in each sampling. However the clone library was 
constructed once from each station. 
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Figure 2.0 Map showing the location of the sampling sites at Kuala Selangor (3˚ 20’ 
52” N, 101˚ 15’ 6” E), Port Klang (3˚ 0’ 2” N,   101˚ 23’ 29” E), Port Dickson (2˚ 
29’ 34” N, 101˚ 50’ 22” E) and Sungai Muar (2˚ 2’ 56” N, 102˚ 33’ 8.9” E).
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        Table 2.0 Sampling dates and description of sampling sites. 
Sampling 
sites 
Sampling 
date 
Site description Reference 
Kuala 
Selangor     
(n = 3)     
1 Dec 2010 
27 Dec 2010 
22 Feb 2011 
 Kuala Selangor is a fishing village situated at the river 
mouth of Sungai Selangor.  
 Sungai Selangor is one of the major river systems in 
Selangor which drains into the Straits of Malacca.  
 This river is an important source of water supply for 
domestic and agriculture use, fishing industries for 
those living along the riverbanks and it supports 
ecotourism. 
http://www.climatea
venue.com/forest.ma
ngr.ecotourism.htm 
Port Klang      
(n = 3)         
26 Oct 2010 
23 Nov 2010 
23 Dec 2010 
 Port Klang is Malaysia’s principal gateway and busiest 
port. 
 Surrounding islands form a natural enclosure and make 
Port Klang well sheltered. 
http://www.pka.gov.
my/phocadownload/
gateway/gateway%2
02011.pdf 
Port 
Dickson 
(n = 3)             
22 Oct 2010 
9 Nov 2010 
8 Dec 2011 
 Port Dickson is a well-known recreational area in 
Malaysia.  
 
 Beach resorts are built along the sampling site. Port 
Dickson are frequently visited by people and the water 
quality and microbial community may vary from waters 
Law et al. (2002) 
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of other kinds.  
 
 Impacts of tourists, shipping, oil tankers, refineries, 
land reclaiming activities, coastal zone management 
construction and the insufficient sewage water 
treatment are contributing factors towards deterioration 
of water quality in Port Dickson.  
 
Sungai 
Muar 
(n = 3)     
15 Dec 2010 
9 Feb 2011 
6 May 2011 
 Sungai Muar is a river which flows through the states of 
Negeri Sembilan and Johor into the Straits of Malacca. 
This river also flows through Muar town. Tanjung 
Emas is where the river joins the sea.  
 
 Nearby factories which discharge effluents into Sungai 
Muar may be one of the contributing factors to its 
deteriorating water quality.  
 
 Sungai Muar has also become narrower and shallower 
over the years, contributing to the occurrence of floods 
in the nearby areas, classified as a flood-prone area by 
the   Department of Irrigation and Drainage Malaysia.  
 
Hashim (2010) 
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2.1 Physico-chemical parameters 
Surface water temperature, salinity, pH and Secchi disc depth of the 
sampling sites were measured in-situ. Surface water temperature was measured with 
a portable thermometer (Comark PDT 300, Korea). Salinity was measured using a 
salinometer (YSI 30-50, USA) whereas pH was measured with a portable pH meter 
(Martini, Mi 106, Romania). For dissolved oxygen concentration, the sample was 
fixed immediately with manganous chloride and alkaline iodide solutions in site, and 
determined by the Winkler titration method (Grasshoff et al., 1999) later in the lab. 
Samples were kept in a cooler box until processing within four hours. One sample 
was also preserved with glutaraldehyde (1% final concentration) for the 
determination of bacterial abundance. 
 
In the laboratory, seawater samples were filtered through pre-combusted 
(500˚C for 3 hours) Whatman GF/F filters and stored at −20˚C until dissolved 
inorganic nutrient analysis. The filters were also used for chlorophyll a (Chl a) and 
total suspended solids (TSS) determination. For TSS, it was determined by the 
weight increase after drying the filter (50˚C for 72 hours). The dried filter was later 
ashed in a furnace (500˚C for 3 hours) and the weight loss on ignition was calculated 
as particulate organic matter (POM). 
 
Dissolved inorganic nutrients (ammonium, nitrate, nitrite, phosphate and 
silicate) were measured according to Parsons et al. (1984) using a spectrophotometer 
(Hitachi U-1900, Japan). Ammonium was determined based upon the oxidation 
reaction with hypochlorite in an alkaline medium. Formation of blue indophenol 
colour was measured at 640 nm. Prior to analysis, strength of hypochlorite used was 
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tested. Nutrient bottles were incubated in dark as high light intensities may cause 
overdevelopment of the blue colour. 
 
 Nitrate was first reduced by granulated copper-cadmium before being 
measured as nitrite. As nitrate is reduced to nitrite, the sum of nitrate and nitrite was 
measured. This reading was then compared with nitrite concentration. For nitrite 
measurement, sulfanilamide in an acid solution was used to react with the nitrite in 
the seawater sample. The resulting diazo compound was then reacted with N-(1-
naphthyl)-ethylenediamine. Intensity of the coloured azo dye formed was measured 
with a spectrophotometer at 543 nm. 
 
Concentration of phosphate in seawater sample was determined based on the 
reaction with a composite reagent containing ascorbic acid, trivalent antimony and 
molybdic acid. A complex was formed and reduced to give a blue solution. 
Absorbance was measured immediately at 880 nm. Silicate in seawater sample was 
allowed to react with molybdate. A reducing solution was then added which reduces 
the silicomolybdate complex formed to give a blue colour. Absorbance was read at 
810 nm. Silicate test was carried out in plastic bottles.  
 
In this study, urea concentration was also measured (Goeyens et al., 1998). 
Seawater sample was collected with an acid washed 5.5 litre bottle, and immediately 
processed upon returning to the laboratory. Seawater samples were filtered through 
pre-rinsed GF/F filters. Reagent A (diacetylmonoxime and thiosemicarbazide) and 
reagent B (sulphuric acid and ferric chloride) (Appendix A) were then added 
separately to the sample in a dark bottle. The sample was incubated at (25˚C ± 1) in 
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the dark for 72 hours. The absorbance was measured at 520 nm, and compared 
against reagent blanks prepared using ultrapure water.  
 
All nutrient measurements above were carried out in triplicates. Coefficient 
of variation (CV) were < 5% for NH4
+
, NO2
-
, SiO4
4-
, PO4
3-
 and urea analyses and < 
10% for NO3
-
 analysis. 
 
2.2  Biological parameters 
Chl a was measured as a proxy for primary producers, and their pigments 
were extracted by adding 8 ml of 90% acetone into a dark vial together with the 
GF/F filter and stored at −20˚C overnight. After incubation, sample was centrifuged 
at 3,000 rpm for 5 minutes, and the Chl a concentration was estimated with a 
spectrophotometer at 750 nm, 665 nm, and 664 nm (Parsons et al., 1984).  An 
average reading from three filters was used for calculation, and the coefficient of 
variation was < 15%. 
 
For the determination of bacterial abundance, samples were stained with 4'6-
diamidino-2-phenylindole (DAPI) (0.1 μgL–1 final concentration) for 7 minutes and 
slides for direct count were prepared according to Porter and Feig (1980). Prepared 
filter was examined under an epifluorescence microscope (Olympus BX60, Japan) 
with a U-MWU filter cassette (excitation, 330 to 385 nm; dichroic mirror, 400 nm; 
barrier, 420 nm). More than 300 cells or a minimum of thirty fields were counted for 
each slide. Correction for phototrophic picoplankton was carried out by observing 
for autofluorescence with a U-MWG filter cassette (excitation, 510 to 550 nm; 
dichroic mirror, 570 nm; barrier, 590 nm). DAPI staining was done in triplicates, and 
coefficient of variation was < 30%. 
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2.3 Molecular Methods 
DNA Extraction 
Upon reaching the laboratory, seawater sample was filtered onto 0.2 µm pore 
size filter. All filter papers were kept frozen in −20˚C until DNA extraction. Nucleic 
acid extraction was performed as described by Bostrom et al. (2004). Briefly, the 
filter paper was suspended in lysis buffer (400 mM NaCl, 750 mM sucrose, 20 mM 
ethylenediaminetetraacetic acid (EDTA), 50 mM Tris-HCl pH 9.0), followed by the 
addition of lysozyme (1 mgmL
-1
, final concentration) and then incubated at 37˚C for 
30 minutes. Next, sodium dodecyl sulfate (1%, final concentration) and proteinase K 
(100 µg mL
-1
, final concentration) were added and the mixture was incubated at 
55˚C overnight. Filter paper was washed with TE buffer (10 mM Tris-HCl, 1 mM 
EDTA, pH 8.0) in another 1.5 mL tube, and lysates from both tubes were combined 
together before the addition of Baker’s yeast tRNA (50 µg per sample). DNA was 
then precipitated with 1/10 volume of 3M potassium acetate (pH 5.2) and 0.6 
volume isopropanol before incubation at −20˚C for an hour.  
 
After incubation, the sample was centrifuged at 20,000 g at 4˚C for 20 
minutes. The supernatant was poured out, and the pellet was washed with 70% 
ethanol and centrifuged again, before dissolving in TE buffer and kept at −20˚C. 
DNA was extracted twice with phenol/ chloroform/ isoamyl alcohol (25:24:1, 
volume) before precipitation with ethanol. Extracted nucleic acid was stored in TE 
buffer and kept at −20˚C until use. 
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Polymerase chain reaction (PCR) Amplification 
Partial archaeal 16S rDNA gene was amplified using the universal archaea 
primer combination Arch21F-958R (Lliros et al., 2010). The primer sequences are 
shown in Table 2.1. PCR was performed with a thermal cycler (Applied Biosystems, 
2720 Thermal Cycler, Singapore) using the conditions shown in Table 2.2, for 30 
cycles.  
 
PCR reaction mixture consisted of 0.2 µM of each primer, 0.2 mM dNTP, 1x 
PCR buffer (35 mM Tris-HCl, pH 9.0, 25 mM KCl, 3.5 mM MgCl2) and 2.5 U Taq 
polymerase (Intron, Korea). The volume of each reaction was 15 µL. PCR product 
was verified and its molecular weight estimated by agarose gel (1% w/v) 
electrophoresis with a 0.1-10.0 kb DNA molecular weight marker (NewEnglands 
Biolabs, Germany). PCR product from separate tubes was then pooled to minimize 
PCR bias and was purified (Qiagen, Germany) prior to cloning. 
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Table 2.1 Universal Archaea primer sequences used in this study. 
Primer      Sequence (5’-3’) 
Arch21F     TTC CGG TTG ATC CYG CCG GA 
Arch958R     YCC GGC GTT GAM TCC AAT  T 
Where;            Y = C or T                      M = A or C 
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Table 2.2 PCR conditions used in this work. Conditions used for PCR amplification 
during pre-cloning and plasmid PCR are similar. 
 
      Temperature                   Duration  
                                                                  (˚C)                              (minute) 
Initial denaturation            94      1 
Denaturation              94                 1 
Annealing             56                 1 
Extension             72                 2 
Final extension            72                10  
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Construction of Clone Library 
Amplicon was ligated into the pGEM-T vector (Promega, USA) according to 
the manufacturer’s instruction. Ligation products were transformed into competent E. 
coli cells (Top10, Invitrogen, Canada). Transformants were screened using 
blue/white selection on Luria-Bertani (1% tryptone, 0.5% yeast extract, 0.5% 
sodium chloride, 1.5% agar w/v) plates containing ampicillin (100 µgmL
-1
), X-Gal 
(5-bromo-4-chloro-3-indoly-b-D-galactopyranoside) (80 µgmL
-1
) and IPTG 
(isopropyl-b-D-thiogalactopyranoside) (0.5 mM final concentration), and incubated 
overnight (16-24 hours) at 37˚C. 
 
 
Plasmid Extraction 
White colonies were randomly picked and plasmid DNA was extracted 
according to the plasmid DNA mini-preparation method of Kotchoni et al. (2003). 
White colonies were picked and suspended in sterile distilled water. The bacterial 
cells were pelleted by centrifugation at 14,000 rpm for 30 seconds. Supernatant was 
discarded and the pellet was resuspended in Solution I (50 mM glucose, 25 mM 
Tris-HCl pH 8.0, 10 mM EDTA pH 8.0) and incubated for 5 minutes at room 
temperature. Freshly prepared lysis solution (0.2M NaOH, 1% (w/v) sodium dodecyl 
sulphate (SDS)) was added, and mixed gently to avoid breaking the plasmid. This 
solution was then incubated on ice for 5 minutes. Then, 3M ice-cold potassium 
acetate solution was added to precipitate bacterial proteins, cell debris and SDS. The 
solution was allowed to precipitate for 5 minutes on ice. The mixture was then 
centrifuged at 14,000 rpm for 5 minutes at 4˚C. Supernatant were transferred into 
another tube where 2 volumes of absolute ethanol were added, vortexed, and kept at 
room temperature for 2 minutes. The plasmid DNA was precipitated in the pellet by 
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centrifugation at 14,000 rpm for 5 minutes at 4˚C. The pellet was then washed with 
ice cold 70% (v/v) ethanol, mixed well and centrifuged again. Supernatant was 
discarded. The pellet was allowed to air-dry to remove residual ethanol. Pellet was 
resuspended in 25 µL of TE buffer with 20 µg mL
-1
 RNAse and incubated at 37˚C 
for 5 minutes to digest away all contaminating Escherichia coli RNA. The 
suspension was then kept at −20˚C for further use.  An aliquot of the extracted 
plasmid were checked in 0.8% (w/v) agarose gel. 
 
Purified plasmids were confirmed for insert of the right size (~900 bp) using 
the Arch 21f/958r primers as described above. The amplicons were checked by 
running agarose gel (1% w/v) electrophoresis with a 0.1-10.0 kb DNA ladder (New 
England Biolabs, Germany).  
 
 
Restriction Fragment Length Polymorphism (RFLP) Analysis 
Restriction fragment length polymorphism (RFLP) analysis of 16S rDNA 
clones were used to define phylotypes (Dunbar et al., 1999). The PCR-amplified 
products of positive recombinants were digested separately using RsaI, CfoI and 
DdeI (Roche, USA) restriction enzymes for 2 hours at 37˚C. Restriction fragments 
were resolved in agarose (2.25% w/v) gel electrophoresis and stained with ethidium 
bromide. Clones that produced identical patterns with three restriction enzymes were 
grouped into a single RFLP phylotype.  
 
              At least one clone that was representative of each RFLP phylotype was 
partially sequenced using the M13 forward primer (5’- 
TGTAAAACGACGGCCAGT-3’). Sequencing results were trimmed with Bioedit 
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Sequence Alignment Editor Version 7.0.5.3 (Hall, 1999).  All sequences were 
checked for possible chimera formation using the online chimera-checking tool, 
DECIPHER (Wright et al., 2011). The nearest neighbours were retrieved from the 
NCBI database through the BLAST search (Altschul et al., 1990). Sequences were 
also compared to the Ribosomal Database Project II (Cole et al., 2007) for further 
confirmation of the sequence identity. The 97% cut-off for sequence similarity is 
used to delimit an OTU (Galand et al., 2006, Yan et al., 2006, Zhang et al., 2010).  
Sequences of unique OTUs were deposited in the GenBank database under the 
following accession numbers: JQ 415912 – JQ 415914, JQ 626832 – JQ 627017 and 
JX 103571 – JX 103597 (Appendix B).  
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Diversity and phylogenetic analysis 
Library coverage (C) was calculated by the method of Good; C = [1 – (n / N)] 
x 100, where n is the number of OTUs in a sample represented by one clone and N is 
the total number of clones in a library (Good, 1953). Rarefaction analysis, Shannon-
Wiener diversity index (H’) and two richness estimators, the abundance-based 
coverage estimator (SACE) and the bias-corrected Chao1 (SChao1), were calculated 
using the program MOTHUR version 1.23.1 (Schloss et al., 2009). The calculations 
for the Chao1 richness estimator are as follow: 
 
 
where,  
Schao1 = the estimated richness 
Sobs    = the observed number of species 
n1      = the number of OTUs with only one sequence (singletons) 
n2      = the number of OTUs with only two sequences (doubletons) 
 
While Chao1 uses singletons and doubletons, SACE  uses OTUs with one to ten clones 
each. The calculations for ACE richness estimator are implemented as described by 
Chao et al. (1993). Evenness (E) was calculated from the Shannon-Wiener diversity 
index (H’) where E = H’/ ln (S), where S is the total number of OTUs (Margalef, 
1958). 
 
Phylogenetic tree was constructed by the maximum likelihood method with 
Jukes-Cantor substitution model using the program BOSQUE version 1.7.152 
Schao1 = Sobs  +  [n1  (n1  - 1)  /  2 (n2  + 1)] 
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(Ramírez-Flandes and Ulloa, 2008). The confidence values of the phylogenetic tree 
were obtained through bootstrap analysis of 1000 trial replications. The phylogenetic 
relatedness of archaeal 16S rDNA community was compared by weighted non-
normalized principal coordinate analysis (PCoA) using the Quantitative Insights Into 
Microbial Ecology (QIIME) software version 1.5.0 (Caporaso et al., 2010).  
 
Analysis of variance (ANOVA) was carried out to determine whether there is 
any difference in both abiotic and biotic factors. Differences among the four sites 
were analyzed with multivariate analysis of variance (MANOVA). Bacterial 
abundance was log-transformed before statistical analysis. Correlations between 
OTUs and environmental factors were analysed by canonical correspondence 
analysis (CCA). All statistical analysis was performed using the program PAST 
version 2.14 (Hammer et al., 2001), unless otherwise stated. A flowchart showing 
the experimental design followed in this project is shown in Figure 2.1.  
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Figure 2.1 Flowchart of experimental methodology. 
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RESULTS 
 
3.0 Physico-chemical characteristics 
Seawater temperature was relatively stable (CV, 2.0 – 9.3%), ranging from 
29.4 to 29.9 ˚C with an average of 29.6˚C whereas salinity measured ranged from 
3.7 to 27.5 ppt (Table 3.0). Salinity fluctuated over a wider range in KS and SM 
(CV, >90%) than in PK and PD (CV, <10%).  Analysis of variance (ANOVA) 
showed that salinity was significantly different (F=17.58, df=16, p < 0.001) with 
Sungai Muar showing the lowest value (3.7 ± 3.6 ppt). Salinity at SM was different 
from that at Port Dickson (27.5 ± 1.4 ppt; q=8.15, p < 0.001) and Port Klang (26.8 ± 
1.2 ppt; q=7.90, p < 0.001). Salinity levels at Kuala Selangor ranged from 4.10 to 
25.50 ppt with an average of 10.3 ± 9.4 ppt which was significantly different from 
Port Dickson which ranged from 26.1 to 28.9 ppt (27.5 ± 1.4 ppt; q=5.89, p < 0.01) 
and Port Klang ranged from 25.5 to 27.9 ppt (26.8 ± 1.2 ppt; q=5.64, p < 0.01).  
 
There was no significant difference in surface water temperature and water 
clarity or turbidity, as measured with Secchi disc among the four sites. Highest 
surface seawater pH levels was observed in Port Dickson, ranging from 7.83 to 8.02 
(average, 7.91 ± 0.10) and was different (F=5.03, df=14, p < 0.05) when compared 
to Sungai Muar, ranging from 5.31 to 7.44 (6.5 ± 0.8; q=4.54, p < 0.05).  
 
Highest average concentration of dissolved oxygen was observed in Port 
Dickson, ranging from 204 to 209 µM (206 ± 2 µM; F=5.95, df=11, p < 0.05). This 
was significantly different from Port Klang, ranging from 135 to 161 µM (149 ± 13 
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µM; q=4.79, p < 0.05) and Sungai Muar, ranging from 127 to 154 µM (141 ± 13; 
q=5.48, p < 0.05). Dissolved oxygen in Kuala Selangor ranged from 135 to 205 µM 
with an average of 163 ± 37 µM. 
Although Kuala Selangor has the highest average total suspended solids 
(TSS) (110.3 ± 116.5 mgL
-1
) and particulate organic matter (POM) (16.5 ± 13.0 
mgL
-1
), they were not significantly different from the other three sites sampled. 
Highest average concentration of ammonium was observed in Sungai Muar (8.25 ± 
3.56 µM; F=4.5, df=11, p < 0.05). This was significantly different from that at Port 
Dickson (0.67 ± 0.14 µM; q=4.79, p < 0.05). High fluctuation of TSS was observed 
at Kuala Selangor, ranging from 42.4 mgL
-1
 to 244.8 mgL
-1
.
 
 TSS at Sungai Muar 
ranged from 20.4 mgL
-1  
to 125.6 mgL
-1  
. Average TSS (Table 3.0) was 51.9 ± 14.9 
mgL
-1
, 66.4 ± 4.5 mgL
-1  
 and 76.5 ± 53.0 mgL
-1 
at Port Dickson, Port Klang and 
Sungai Muar respectively. 
 
Nitrite concentration was lowest at Port Dickson (0.24 ± 0.21 µM; F=11.39, 
df=11, p < 0.01) which was significantly different from Port Klang (5.44 ± 0.97 µM; 
q=7.28, p < 0.01). Nitrite concentration at Port Klang ranged from 4.41 µM to 6.65 
µM with an average of 5.44 ± 0.97 µM. This was different from nitrite concentration 
recorded at Sungai Muar (0.75 ± 0.38
 
µM; q=6.56, p < 0.01). 
 
Kuala Selangor showed relatively higher average silicate concentration 
(41.75 ± 18.71 µM) compared to Port Dickson (10.69 ± 7.26 µM), Port Klang (28.33 
± 8.32 µM) and Sungai Muar (32.22 ± 8.34 µM). Although this difference was not 
statistically significant, Tukey’s test shows a significant difference of silicate 
concentration in Port Dickson when compared to Kuala Selangor (32.22 ± 8.34 µM; 
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q=4.62, p < 0.05). Nitrate, urea and phosphate concentrations also did not show any 
statistical (ANOVA) differences among the four sites (p < 0.05). 
Although there was no significant difference for the average total bacteria 
abundance (Table 3.0) among the four sites, spatial variation of chlorophyll a 
concentrations was highly significant (F=49.44, df=11, p < 0.001) among all four 
sites. Highest chlorophyll a concentrations was measured at Kuala Selangor (16.4 ± 
2.3 µgL
-1
), and was higher than that measured at Port Dickson (3.1 ± 0.4 µgL
-1
; 
q=13.78, p < 0.001), Port Klang (3.2 ± 1.0 µgL
-1
; q=13.7, p < 0.001) and Sungai 
Muar (2.3 ± 2.2 µgL
-1
; q=14.64, p < 0.001).  
 
Individual environmental variables separated the four sampling sites via 
Tukey’s test with the exception of silicate (P > 0.05) and total bacterial abundance 
(P > 0.05). Based on the same environmental variables, MANOVA showed the four 
sites were significantly different (Wilk’s Lambda F = 36.32, P = < 0.01).
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Table 3.0 Environmental parameters at KS, PK, PD and SM.
 
Values are means ( ± standard deviations). *, **, *** showed the results of ANOVA 
testing at P < 0.05; P, < 0.01 and P < 0.001, respectively.
 
The same letters of the alphabet were used to indicate values whose means were 
significantly different. 
Parameters 
Station
 
KS PK PD SM 
Salinity (ppt)*** 10.3 ± 9.4
ab 
26.8 ± 1.2
bd 
27.5 ± 1.4
ac 
3.7 ± 3.6
cd 
 pH* 7.0 ± 0.3 7.6 ± 0.1 7.9 ± 0.1
a 
6.5 ± 0.8
a 
DO (µM)* 163± 37 149 ± 13
a 
206 ± 2
ab 
141 ± 13
b 
Temperature (˚C) 29.9 ± 1.3 29.4 ± 0.6 29.6 ± 0.7 29.6 ± 2.7 
 TSS (mgL
-1
) 110.3 ± 116.5 66.4 ± 4.5 51.9 ± 14.9 76.5 ± 53.0 
 POM (mgL
-1
) 16.5 ± 13.0 9.9 ± 0.1 6.8 ± 3.6 13.9 ± 7.7 
Secchi depth (m) 0.3  ± 0.1 0.6 ± 0.1 1.1 ± 0.7 0.3  ± 0.1 
Ammonium(µM)* 7.12 ± 4.12 6.09 ± 0.65 0.67 ± 0.14
a 
8.25 ± 3.56
a 
Nitrate (µM) 13.37 ± 10.56 6.37 ±  0.53 1.77 ± 1.47 15.83 ± 4.10 
Nitrite(µM)** 3.30 ± 2.16 5.44 ± 0.97
ab 
0.24 ± 0.21
a 
0.75 ± 0.38
b 
Urea (µM) 1.19 ± 0.40 0.58 ± 0.24 0.31 ± 0.33 1.13 ± 0.59 
Phosphate (µM) 0.52 ± 0.16 1.26 ± 0.01 1.44 ± 1.03 0.39 ± 0.32 
Silicate (µM) 41.75 ± 18.71
a 
28.33 ± 8.32 10.69 ± 7.26
a 
32.22 ± 8.34 
Bacterial abundance 
(10
6 
cells ml
-1
) 
2.1 ± 1.1 2.4 ± 0.5 1.3 ± 0.2 1.5 ± 0.4 
Chl a (µgL
-1
)*** 16.4 ± 2.3
abc 
3.2 ± 1.0
a 
3.1 ± 0.4
b 
2.3 ± 2.2
c 
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3.1 Molecular results 
Archaeal DNA was successfully extracted and amplified from the seawater 
samples, and an archaeal 16S rDNA library was constructed for each sampling site. 
A total of 1265 randomly chosen clones were picked and its plasmid extracted 
(Figure 3.0). Of that total, only 1181 clones contained insert of the right size (Figure 
3.1). After RFLP analysis with RsaI (Figure 3.2), CfoI (Figure 3.3) and DdeI (Figure 
3.4) restriction enzymes, 76, 48, 45 and 91 distinct RFLP phylotypes were identified 
for KS, PK, PD and SM clone libraries, respectively.
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 Figure 3.0 Gel electrophoresis of extracted plasmids. Lanes 1, 22, 37: 0.1-10.0 kb 
DNA molecular weight marker (New England Biolabs). Lanes 2-21, 23-36, 38-51: 
extracted plasmids. 
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Figure 3.1 Gel electrophoresis of PCR amplifications of DNA fragments from 
purified plasmid DNA using Arc 21f/958r primers. Lane 1: 0.1-10.0 kb DNA 
molecular weight marker (New England Biolabs), Lane 2: Negative control without 
DNA template, Lane 3-25: Amplicons (~ 900 bp).  
 
 
 
 
 
 
 
1    2   3      4   5    6    7    8   9  10  11 12   13 14  15  16  17 18 19  20  21  22  23  24  25 
1.0 kb 
5.0 kb 
0.9 kb 
53 
 
Figure 3.2 Comparison of RsaI RFLPs of the insert obtained from clones via PCR 
(lanes 2-14, 16-29, 32-42). Migration was performed on a 2.25% agarose gel. Lanes 
1, 15, 16, 30, 31, 43: 0.1-10.0 kb DNA molecular weight marker (New England 
Biolabs). 
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Figure 3.3 Comparison of CfoI RFLPs of the insert obtained from clones via PCR 
(lanes 2-14, 16-29, 32-42). Migration was performed on a 2.25% agarose gel. Lanes 
1, 15, 16, 30, 31, 43: 0.1-10.0 kb DNA molecular weight marker (New England 
Biolabs).  
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Figure 3.4 Comparison of DdeI RFLPs of the insert obtained from clones via PCR 
(lanes 2-14, 16-29, 32-42). Migration was performed on a 2.25% agarose gel. Lanes 
1, 15, 16, 30, 31, 43: 0.1-10.0 kb DNA molecular weight marker (New England 
Biolabs). 
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3.2 Archaea diversity and phylogenetic relationship 
Representative clone for each RFLP genotype was sequenced and chimeric 
artifacts were recognized and removed from further analyses. All sequences 
analysed were related to archaeal sequences. Unique RFLP phylotypes from each 
clone library were aligned using BOSQUE and 97% cut-off for sequence similarity 
among each RFLP phylotype was used to delimit an OTU.  A total of 129 OTUs that 
represented 1074 clones were used in diversity analyses. 
 
 Rarefaction curve  indicated that PD and PK archaeal clone libraries were 
representative of the archaeal communities as the rarefaction curves were 
approaching plateaus (Figure 3.5). Although the rarefaction curve of SM and KS 
were still on an incline, archaeal diversity was clearly different. By means of 
Shannon-Weiner diversity index, SM clone library had the highest diversity of the 
archaeal OTUs whereas PK clone library had the lowest diversity (Table 3.1). The 
number of OTUs, Chao1 and Ace richness estimates also indicated that SM had a 
greater Archaea diversity compared to KS, PK and PD. Although the archaeal 
diversity in KS and SM  probably required more exhaustive sampling, Good’s 
coverage values elucidated that more than 87% of archaeal sequence types were 
obtained in all clone libraries (Table 3.1), and showed that the libraries in this study 
had captured the majority of the archaeal OTUs.  Majority of the archaeal OTUs 
belong to rare species represented by only a few or a single clone. Singletons i.e. 
OTU sequences that occur only once in each library represented 54.3%, 41.4%, 
37.5% and 56.5% of the OTUs in KS, PK, PD and SM libraries, respectively. PCoA 
analyses showed that the archaeal communities of the four sites were clearly 
separated from each other. The first two principal coordinates (P1 and P2) explained 
98.0 % of the total community variability.  
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Clone library analysis 
 
 
 
Figure 3.5 Rarefaction curve of archaeal clone libraries constructed with MOTHUR 
using 10,000 iterations. Dotted lines shows the higher and lower confidence intervals 
of each curve. 
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Table 3.1 Coverage, observed OTUs, richness and diversity indices for clone libraries constructed. Values in parentheses represent 
lower and higher confidence interval.  
 
 
 
 
 
Clone 
No. of 
valid 
clones 
Coverage OTUs Richness index                    Diversity index 
 
libraries analysed   good 
 
Chao1 Ace Shannon-Wiener, H' Evenness 
  
(%) 
 
(95% CI) (95% CI) (95% CI) E 
Kuala 
Selangor 150 87 35 54 (41-92) 118 (84-175) 2.65 (2.43-2.86) 0.75 
Port Klang 302 96 29 40 (31-70) 45 (34-82) 2.16 (2.01-2.31) 0.64 
Port Dickson 311 96 32 40 (34-63) 45 (36-72) 2.33 (2.18-2.48) 0.67 
Sungai Muar 311 88 69 123 (92-193) 223 (173-297) 3.24 (3.07-3.40) 0.77 
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Relative to archaeal 16S rDNA sequences available in GenBank, sequence 
similarity ranged from 83% to 100%. Our sequences were closely matched with 
sequences retrieved from a variety of terrestrial, freshwater, estuarine, coastal and 
marine environments. One OTU (73 clones) was related to the sequence isolated 
from marine sponge and 3 OTUs, were similar to sequences isolated from corals 
such as Siderastrea stellata (2 clones) and Alcyonium gracillimum (173 clones). 
Most of the OTU sequences were related to uncultured archaeal clones than with 
isolated pure cultures (Table 3.2), reflecting the large number of archaeal species 
that remains to be cultivated (Vieira et al., 2007). Only 12 OTU sequences (69 
clones) were similar (≥95%) to nine cultured species; Methanococcoides 
methylutens (98%), Methanosaeta concilii (99%), Methanoplanus paludicola (95%), 
Methanoplanus petrolearius (97%), Methanoplanus sp. (97%), Methanobacterium 
beijingese (98%), Methanolacinia paynteri (98%), Methanocorpusculum labreanum 
(99%), Nitrosopumilus maritimus SCM1 (96%) and Candidatus Nitrosopumilus sp. 
NM25 (98%).  
  
In this study, the archaeal clone sequences were affiliated with Euryarchaeota, 
Crenarchaeota and Thaumarchaeota, whereas no sequence was affiliated with 
Korarchaeota and Nanoarchaeota. Phylogenetic analysis placed the euryarchaeotal 
sequences into six subgroups: Methanomicrobia, Methanobacteria, Marine Group III, 
Marine Benthic Group – D (MBGD), Marine Group II and unaffiliated 
Euryarchaeota (Figure 3.7). Sequences affiliated with Euryarchaeota predominated 
in PD (81.3% OTUs, 75.5% clones), SM (52.2% OTUs, 50.5% clones) and PK 
(51.7% OTUs, 36.4% clones), respectively. The most predominant OTU from PD 
(82 related clones) and PK (71 related clones) was OM2, affiliated with 
Euryarchaeota, and exhibited 99% similarity to clone CWP-B5 obtained from the 
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western Pacific warm pool.  Sequences similar to (95-99%) cultured methanogenic 
Euryarchaeota were represented by 8.7%, 5.7% and 3.4% of the OTUs in SM, KS 
and PK, respectively. No sequences similar to culturable Euryarchaeota were 
obtained from PD.  
 
Majority of the clones (> 60.0%) in KS and PK were affiliated with 
Thaumarchaeota (Figure 3.6). OTUs belonging to Thaumarchaeaota represented 
73.3%, 61.6%, 28.6% and 24.2% of the total clones in KS, PK, SM and PD 
respectively. Four OTUs (60 clones) from total OTUs in all sites were affiliated with 
Nitrosopumilus sp. Of 302 archaeal 16S rDNA clones from PK, sequence OM17 
was the most frequently detected phylotype (101 related clones) (Table 3.2), and this 
sequence is closely related (99%) to a coral-associated microbe (JF925087), and also 
related to sequences retrieved from the Pacific ocean (JQ226183) and the coastal 
waters of the Gulf of Mexico (GQ906614).  These clones are of marine origin 
(Wright et al., 2012) and are also widely distributed in the seawater here, as shown 
by this study. 
 
 OTUs belonging to the Miscellaneous Crenarchaeotic Group (MCG) 
(Inagaki et al., 2003) represented 20.9%, 18%, 2% and 0.3% of the clones in SM, 
KS, PK and PD respectively. Most (78%) of the MCG OTUs were similar (90-99%) 
to sequences retrieved from lake sediments, estuarine sediments, tropical marine 
sediments and brackish sediments. Phylogenetic analysis showed the distinct 
clustering of Marine Group 1 (Thaumarchaeota) sequences and Miscellaneous 
Crenarchaeotic Group (MCG). One OTU from SM were similar (95%) to a sequence 
belonging to South Africa Gold Mine Crenarchaeotic Group-1 (SAGMCG-1) (Takai 
et al., 2001). These sequences clustered together in the phylogenetic tree (Figure 3.8). 
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Although the OTUs were similar (83 – 100%) to sequences from the GenBank 
database, some formed an outgroup in the phylogenetic tree. A separate tree was 
constructed for these sequences (Figure 3.9). OTUs in Clade I and Clade III were 
affiliated with Euryarchaeota sequences. Clade II were affiliated with MCG and 
OTUs in Clade IV were similar to Thaumarchaeota sequences.  
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Figure 3.6 Archaeal phylotype compositions for 16S rDNA clone libraries 
constructed from KS, PK, PD and SM. 
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Figure 3.7 Phylogenetic analysis of Euryarchaeota 16S rDNA sequences obtained 
from KS, PK, PD and SM. Cenarchaeum symbiosum was used as an outgroup. 
OTUs obtained from this study were bold, and the number after the ` - ` shows the 
accession code deposited in GenBank. Clone sequences obtained from various 
environments similar to OTU sequences in this study where shown by stating the 
isolation source and its accession code. Boostrap values of higher than 50% are 
shown. Scale bar represents the 5% nucleotide substitution percentage. 
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Figure 3.8 Phylogenetic analysis of Miscellaneous Crenarchaeotic Group and 
Thaumarchaeota (SAGMCG-1 and Marine Group 1) 16S rDNA sequences obtained 
from KS, PK, PD and SM. Aquifex pyrophilus was used as an outgroup. OTUs 
obtained from this study were bold, and the number after the ` - ` shows the 
accession code deposited in GenBank. Clone sequences obtained from various 
environments similar to OTU sequences in this study where shown by stating the 
isolation source and its accession code. Boostrap values of higher than 50% are 
shown. Scale bar represents the 5% nucleotide substitution percentage. 
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Figure 3.9 Phylogenetic analysis of archaeal 16S rDNA sequences obtained from 
KS, PK, PD and SM. Aquifex pyrophilus was used as an outgroup. OTUs obtained 
from this study were bold, and the number after the ` - ` shows the accession code 
deposited in GenBank. Sequences obtained from various environments similar to 
OTU sequences in this study where shown by stating the isolation source and its 
accession code. Italicized words represents isolated cultures. Boostrap values of 
higher than 50% are shown. Scale bar represents the 5% nucleotide substitution 
percentage.
66 
Table 3.2 Phylogenetic affiliations of archaeal clone libraries. 
 
 
Affiliation Clone Abundance                              Nearest neighbor 
(KS/PK/PD/SM) Sequence Identity(%) Isolated environment / 
Species 
 
 
Euryarchaeota OS113 1  /  0  /  0  /  0 FR733669   
 
98 Methanococcoides 
methylutens 
 OS128 1  /  0  /  0  /  0 CP002565 
 
99 Methanosaeta concilii  
  OM80 0  /  0  /  0  /  1 NR_028164   
 
95 Methanocella paludicola 
 OM57 0  /  0  /  0  /  1 CP002117 97 Methanoplanus 
petrolearius 
 OM60 0  /  0  /  0  /  1 AB370246 
 
97 Methanoplanus sp 
  OM49 0  /  0  /  0  /  1 AY552778 
 
98 Methanobacterium 
beijingese 
 OM9 0  /  1  /  0  /  1 JQ346754 
 
98 Methanolacinia paynteri 
  OM36 0  /  0  /  0  /  1 CP000559 
 
99 Methanocorpusculum 
labreanum 
        OK102 0  /  2  /  0  /  0 JF715354 
 
97 Pacific Ocean: eastern 
tropical south Pacific 
 
  OD91 0  /  0  /  4  /  0 JF715299  
 
99 ‘’ 
 OM5 1  /  0  /  0  /  2 JF715343  
 
99 ‘’ 
 OD94 0  /  0  /  1  /  0 JF715377  
 
99 ‘’ 
 OD25 0  /  0  /  2  /  0 HQ529816  
 
99 Pacific Ocean: western 
Pacific warm pool 
  OM2 1  /  3  /  82  / 71 HQ529816 
 
99 ‘’ 
‘’ 
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 OM24 1  /  1  /  1  /  3 HQ529784   
 
99 ‘’ 
 OM3 0  /  0  /  1  /  1 HQ529789  
 
98 ‘’ 
 OD92 0  /  0  /  1  /  0 GQ250671    
 
97 Sea water column in Gulf 
of Mexico 
  OD21 0  /  1  /  28  /  0 GQ250671 99 ‘’ 
 OK22 2  /  11  /  0  /  0 GQ250671 99 ‘’ 
 OM71 0  /  0  /  0  /  10 GQ250671 94 ‘’ 
 OD82 0  /  0  /  2  /  0 GQ250671 96 ‘’ 
      
 OM27 0  /  1  /  0  /  1 FJ559700  
 
98 Water from the Indian 
coast of the Arabian Sea 
 
 OD28 0  /  2  /  6  /  0 FJ559700 97 ‘’ 
 OD88 0  /  0  /  1  /  0 FJ559700 97 ‘’ 
 OD96 0  /  0  /  8  /  0 FJ559671  
 
98 ‘’ 
 OD85 0  /  0  /  3  /  0 FJ559690 
 
99 ‘’ 
 OM20 0  /  0  /  8  /  2 FJ559638  
 
99 ‘’ 
 OD89 0  /  0  /  1  /  0 FJ559548   
 
99 ‘’ 
  OD95 0  /  0  /  6  /  0 DQ156479 99 North Pacific Subtropical 
Gyre (Hawaii) 
  OD90 0  /  0  /  1  /  0 DQ156479 98 ‘’ 
 OD83 0  /  0  /  1  /  0 DQ156480  
 
100 ‘’ 
 OD23 0  /  0  /  2  /  0 DQ156348   
 
99 ‘’ 
  OM31 4  /  8  /  0  /  4 JN591984  
 
98 Surface seawater, Puget 
Sound 
 
 OM32 0  /  0  /  1  /  10 JN591984 95 ‘’ 
 OD30 0  /  4  /  6  /  0 AB301901 
 
95 Seawater outside a 
shallow submarine hot 
spring 
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 OM29 0  /  1  /  0  /  1 AB538535 
 
98 Seawater at 10m depth, 
Japan 
 OM4 0  /  4  /  56 /  17 JQ227360 
 
99 Ocean water marine 
sample 
  OM47 0  /  0  /  0  /  1 AB301905 
 
99 Seawater outside a shallow 
submarine hot spring 
 
 
 OK103 0  /  1  /  0  /  0 DQ186704 
 
97 Guanabara bay water (tropical) 
  OM1 0  /  0  /  2 /  1 AB629569 
 
99 Bottom seawater, Japan 
 OD98 0  /  0  /  2  /  0 DQ913189 
 
98 Tropical estuarine 
 
 OM48 0  /  0  /  0  /  1 FN691704  
 
98 Lake Llebreta, Spain 
 OM68 0  /  0  /  0  /  2 FN691682 
 
96 ‘’ 
 OM43 0  /  0  /  0  /  1 FN691738 
 
99 ‘’ 
      OD87 0  /  0  /  8  /  0 FJ350099  
 
95 Lake Pontchartrain 
      OK106 0  /  1  /  0  /  0 GU135476    
 
94 Lake Pavin sediment 
 OM61 0  /  0  /  0  /  1 GU135476 94 ‘’ 
 OM41 0  /  0  /  0  /  3 HM244280  
 
94 Lower sediment from 
Honghu Lake 
  OM75 0  /  0  /  0  /  2 HM244280 93 ‘’ 
  OM70 0  /  0  /  0  /  2 HM244287 
 
99 
 OM55 0  /  0  /  0  /  1 JQ245868 99 Estuarine sediment, 
China 
 OM53 0  /  0  /  0  /  1 EU244173  
 
96  
 
River Leine sediment 
    
 OM46 0  /  0  /  0  /  3 JF304117   
 
99 Outfall sediment, 
Xiangjiang River 
  OM63 0  /  0  /  0  /  1 AY396650 97 Tidal flat sediment, 
South Korea 
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 OM52 0  /  0  /  0  /  1 GU127545  
 
97 Sediment; anoxic zone 
 
 OM58 0  /  0  /  0  /  1 DQ363834  
 
98 Mangrove soil 
 OM79 0  /  0  /  0  /  1 AB652184 
 
100 Rice paddy soil, Japan 
 OM59 0  /  0  /  0  /  1 HQ614273   
 
96 Acidic peatland, 50cm 
depth 
  OS112 1  /  0  /  0  /  0 AB600445  
 
94 Iron-rich microbial mat, 
Japan 
       OS122 1  /  0  /  0  /  0 AB600446 
 
83 ‘’ 
 OM26 0  /  69  /  0  /  4 DQ299289 
 
99 Sponge 
 
 
 OD97 0  /  0  /  1  /  0 JQ611073   
 
92 Venting fluid in white 
vent off Kueishan Island 
 
 
 
 off 
 
Marine Grp1 OM65 0  /  0  /  0  /  14 CP000866  
 
96 Nitrosopumilus 
maritimus SCM1 
  OK108 0  /  3  /  0  /  0 CP000866  
 
 
98 ‘’ 
 OK15 21  /  20  /  0  / 0 CP000866  98 ‘’ 
      OM38 0  /  0  /  0  /  2 AB546961 
 
98 Candidatus 
Nitrosopumilus sp. 
NM25 
  OK14 42  /   2  /  0  /  0 EF367625    
 
99 Tropical estuary 
  OM33 0  /  0  /  0  /  33 EF367588  
 
99 ‘’ 
 OK104 0  /  15 /  0  /  0 FJ559501  
 
99 Water from the Indian 
coast of the Arabian Sea 
  OK16 21  /  3  /  0  /  0 JF747733 
 
99 Manantial del Toro 
hypersaline groundwater 
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 OM11 1  /  1  /  2  /  21 JQ245932 
 
98 Estuarine sediment, 
Jiulong River 
 
 
 OM50 0  /  0  /  0  /  1 JQ245933  
 
99 ‘’ 
 OM7 0  /  0  /  0  /  2 JQ245933  
 
97 ‘’ 
 OS123 1  /  0  /  0  /  0 JQ258705  
 
99 Tropical marine sediment 
 
 OD93 0  /  0  /  5  /  0 JQ258214 
 
94 ‘’ 
 OD86 0  /  0  /  1  /  0 HQ611184  
 
99 Marine sediments, South 
China Sea 
  OS127 2  /  0  /  0  /  0 HM171771  
 
98 Sediment, Hainan island 
 
 OM12 2  /  2  /  0  /  2 DQ641722  
 
99 Madovi Estuary sediment 
  OS129 1  /  0  /  0  /  0 DQ641790  
 
94 ‘’ 
 OS13 8  /  0  /  0  /  0 EF051158  
 
99 Mangrove sediment 
 
 OK99 0  /  39  /  0  /  0 GQ848378  
 
90 Deep sea hydrothermal 
vent sediment 
 
 OS110 2  /  0  /  0  /  0 GU366919   
 
97 T mp rate forest soil 
 
 OM19 2  /  0  /  0  /  1 FJ936677 100 Volcano mud 
 
 OM45 0  /  0  /  0  /  1 AB301895 
 
99 Microbial mat at a 
shallow submarine hot 
spring, Japan 
  OD84 0  /  0  /  2  /  0 AB301889  
 
99 Microbial mat at a 
shallow hot spring  OS120 1  /  0  /  0  /  0 AM910765   
 
96 Acidic fen, Ge many 
 OM18 4  /  0  /  0  /  5 AM910765   
 
98 ‘’ 
 OS111 2  /  0  /  0  /  0 HM223523 90 Coral 
 OM17 0  / 101 /  65 / 6 JF925087 
 
99 ‘’ 
 OM76 0  /  0  /  0  /  1 JF925088 
 
99 ‘’ 
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SAGMCG-1 OM40 0  /  0  /  0  /  2 DQ223194  
 
95 Subsurface water, 
Kalahari Shield 
 MCG OS119 1  /  0  /  0  /  0 EF367617 
 
93 Tropical estuary 
 
 
 OK100 0  /  1  /  0  /  0 EF367535  
 
99 ‘’ 
 
 OM67 0  /  0  /  0  /  1 HM244085  
 
97 Sediment from Honghu 
Lake 
  OM56 0  /  0  /  0  /  1 HM244338  
 
96 ‘’ 
 OM73 0  /  0  /  0  /  1 HM244292    
 
93 ‘’ 
 OM8 0  /  0  /  0  /  8 HM244111 
 
98 ‘’ 
 OM74 0  /  0  /  0  /  1 HM244170   
 
99 ‘’ 
 OM77 0  /  0  /  0  /  5 JQ245926 
 
94 Estuarine sediment, 
Jiulong River 
 OM69 0  /  0  /  0  /  2 JQ245926   
 
98 ‘’ 
 OS114 1  /  0  /  0  /  0 JQ245936  
 
98 ‘’ 
 OM39 0  /  0  /  0  /  1 JQ245908  
 
98 ‘’ 
 OM78 0  /  0  /  0  /  22 JQ245932 
 
97 ‘’ 
 OM6 10  /  0  /  0  /  2 JQ245932 
 
99 ‘’ 
 OK101 0  /  2  /  0  /  0 JQ245917 99 ‘’ 
 OS126 5  /  0  /  0  /  0 JQ245879  
 
99 ‘’ 
 OS116 1  /  0  /  0  /  0 JQ245901    
 
96 ‘’ 
 OM34 0  /  0  /  0  /  4 JQ245942 
 
97 ‘’ 
 OS124 1  /  0  /  0  /  0 JQ258733 99 Tropical marine sediment 
  OK107 0  /  1  /  0  /  0 JQ258647 99 ‘’ 
 OM37 0  /  0  /  0  /  1 JQ257967 98 ‘’ 
 OK105 0  /  1  /  0  /  0 FR852573 
 
98 Brackish marine 
sediments 
 
 OK109 0  /  1  /  0  /  0 GQ927545 
 
90 Marin  sediment from 
the tropical western 
Pacific Ocean 
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 OM51 0  /  0  /  0  /  1 GU135484   
 
94 Lake Pavin sediment 
 S  OM44 0  /  0  /  0  /  1 GU135493 
 
98 ‘’ 
  OS10 2  /  0  /  0  /  0 EF680215  
 
99 Sediment, Pearl River 
Estuary 
 
 
 OS118 1  /  0  /  0  /  0 EF203626 
 
97 Sediments of Pang Chau, 
west side of Victoria 
Harbour 
 
 
 OM62 0  /  0  /  0  /  1 HM171870  
 
97 Sediment, Hainan island 
 OM35 0  /  0  /  0  /  6 EU247265  
 
96 Lake Coeur d'Alene 
sediment 
 
 OM72 0  /  0  /  0  /  2 GU127570   
 
93 Sedi ent; anoxic zone 
 OM42 0  /  0  /  0  /  1 JF304137 
 
98 Outfall sediment, 
Xiangjiang River 
 
 
 OS115 2  /  0  /  0  /  0 EF125500 
 
98 Naked tidal flat sediment 
near mangrove 
  OD81 0  /  0  /  1  /  0 EF125521  
 
99 Mangrove soil 
 OS117 1  /  0  /  0  /  0 JF329711  
 
97 Soil from semiarid region 
  OM54 0  /  0  /  0  /  1 JF329842  
  
99 ‘’ 
  OM64 0  /  0  /  0  /  1 GQ127642 98 Soil 
 OS121 1  /  0  /  0  /  1 FJ584375   
 
94 Acidic red soil 
  OS125 1  /  0  /  0  /  0 JN052746  99 Anaerobic digestion 
       OM66 0  /  0  /  0  /  1 AB600452 
 
99 Iron-rich microbial mat 
       
73 
DISCUSSION 
 
4.0 Environmental conditions 
Surface seawater temperature observed in this study is typical of tropical 
coastal waters (Lee and Bong, 2008). Salinity was low at both KS and SM, but 
higher at PK and PD (q > 5.64, p < 0.01) (Table 3.0). As the samplings were all 
carried out during high tide levels, the lower salinity probably indicated a larger 
volume of freshwater that flowed into the KS and SM estuaries. The larger volume 
of river water would also explain the higher nitrate, ammonium and silicate 
concentrations observed at both KS and SM. The source of these nutrients is 
probably from anthropogenic activities and surface run-off around these sites (Bong 
and Lee, 2005).  
 
 Average TSS in all four sites ranged from 50 to 110 mg L
-1
 in which POM 
constituted <20% (8.8 – 16.5 mg L-1). This suggested that most of the TSS was 
inorganic in nature which reflected the prevalent conditions in these waters (Bong 
and Lee, 2005). Also, TSS increased the water turbidity, and caused poor irradiance, 
as reflected by the shallower Secchi disc depth. The average dissolved oxygen (DO) 
concentration at all four sites ranged between 140 – 210 µM. Both pH and DO 
concentration were lowest in SM compared to KS, PK and PD.  
 
 The waters at PD was characteristic of  the most pristine condition with low 
inorganic nutrient concentrations and relatively high DO levels whereas PK waters 
had high nitrite concentrations and highest bacterial abundance. The conditions in 
PK might reflect some anthropogenic effects as the catchment area for Klang river 
includes the Klang valley which has the highest population density in Malaysia (Lee 
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and Bong, 2006).  Although both bacterial abundance and Chl a concentration were 
within the range previously reported for various tropical ecosystems in this region 
(Lee et al., 2005, Lee et al., 2006, Lee and Bong, 2008) average Chl a concentration 
(Table 3.0) at KS was evidently higher than PK, PD and SM.  The higher inorganic 
nutrient concentrations at KS supported a higher Chl a concentration but this was not 
observed at SM. Episodic nutrient inputs at estuaries may trigger phytoplankton 
production and subsequently an increase in Chl a concentration (Kennish, 1990). In 
contrast, the bacterial abundance was not significantly different among the sites. 
 
4.1 Uncultured Archaea in different environments 
 Although studies have shown seasonal (Herfort et al., 2007) and temperature 
(Winter et al., 2008) influence on archaeal community, these were not considered in 
this study. The tropics experience a relatively stable temperature regime (Lee et al., 
2009), with no seasonal change. Moreover, microbial community do not exhibit 
temporal variation in these waters (Lee et al., in preparation).   
  
 The observed numbers of OTUs in our clone libraries provided a minimum 
estimate of the total number of OTUs present. The number of uncollected OTUs 
present in the source environment is shown by the difference between the SChao1 and 
SACE estimates with the observed OTUs (Aller and Kemp, 2008). Both estimators 
predicted that the source community in this study contains an estimated 48 ± 22% 
(from SChao1) and 139 ± 105% (from SACE) additional unique OTUs than were 
actually observed in the studied clone libraries. Since SM recorded highest diversity 
indices (Table 3.1), reflecting a phylogenetically diverse community, SM was 
probably more functionally diverse than KS, PK, and PD.  
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 In this study, the phylogenetic analysis of 16S rDNA sequences showed high 
archaea diversity. Shannon index ranged from 2.16 – 3.24 (average = 2.60 ± 0.48), 
and was higher compared to Qinghai Lake (1.46 – 2.49) (Jiang et al., 2008) and East 
China Sea estuary (2.26 – 2.43) (Zeng et al., 2007). Our study also showed that 
archaea diversity was higher in KS and SM where the influence of river water was 
substantial, and this concurred with Galand et al. (2008). The number of OTUs 
obtained at  ≥ 97% similarity in this study was compared with the results from 28 
other studies  reviewed by Auguet et al. (2010) (Figure 4.0).  
 
 This cross-ecosystem approach seemed to suggest that the number of 
Archaea OTUs obtained decreased with increasing trophic states. Although more 
studies on Archaea population are required, studies of archaeal communities in 
sediments (Durbin and Teske, 2012) and lakes (Villaescusa et al., 2010) have also 
shown how both archaeal and bacterial diversity decreased with increasing trophic 
states.  
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Figure 4.0 Diversity of uncultured archaea in studies from environments of different 
trophic state. Trophic state: 1 = oligotrophic, 2 = mesotrophic, 3 = eutrophic, 4 = 
hypertrophic. Trophic state is determined using Carlson’s Trophic State Index 
(Carlson, 1977).  
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4.2 Phylogenetic relatedness 
 Most of the clones (> 50%) from SM and PD were affiliated to 
Euryarchaeota (Figure 3.6). Crenarchaeaota clones represented a minor fraction (< 
21%) in all four sites. The similarity of our sequences to sequences from various 
environments (Table 3.2) may indicate that these sequences are not limited by 
geographical barriers and are also present in tropical waters. The frequency of MCG 
clones was highest in SM but was represented by only a single clone in PD. 
Although inconclusive, the higher frequency of MCG clones in SM could be related 
to the comparatively higher ammonium, nitrate concentration, and lower salinity 
(Preston et al., 2011) in SM when compared to KS, PK and PD. We also found a 
high number of OTUs affiliated with Thaumarchaeota in KS. The ability of 
Thaumarchaeal populations to thrive in surface waters during eukaryotic 
phytoplankton blooms (Robidart et al. 2012) suggested that the higher Chl a 
concentration in KS could have played a role in Thaumarchaeota distribution.  
 
However none of our sequences was identical to the reference sequences 
from cultured taxa, which is common in the 16S rRNA based surveys of natural 
samples (Fuhrman et al., 1992, McInerney et al., 1995, Kim et al., 2005). Some are 
found to be closely related to sequences from cultured methanogens previously 
isolated from diverse environments. Methanogenic clones observed in the SM clone 
library (6 clones), and KS clone library (2 clones) were related to the order 
Methanosarcinales.  Only one clone was related (98%) to a methanogen in PK clone 
library whereas BLAST analysis did not show related methanogenic clones in the 
PD clone library.  
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 Clone OS113 from KS was closely related (98%) to Methanococcoides 
methylutens which was isolated from marine sediments and particles of the Pacific 
Ocean (Cynar and Yayanos, 1991). Clone OM57 was similar (97%) to 
Methanoplanus petrolearius (Ollivier et al., 1997), isolated from petroleum wells, 
which was also observed in moderately polluted inner bay water in a tropical estuary 
(Vieira et al., 2007).  A 99% similarity to Methanocorpusculum labreanum, isolated 
from lake surface sediment (Zhao et al., 1989) was exhibited by clone OM36. 
Sequences similar to this anaerobic methanogen were also retrieved from a eutrophic 
freshwater marsh (Chauhan et al., 2006). Although represented only by two clones 
(Clone OM58 and OM61), MBG-D group, commonly associated with methane-rich 
environments were present only in SM.  
 
The physiological characteristics of an organism can be inferred from its 
phylogenetic position and the properties of their relatives. Thus, sequences that fall 
into a clade with known methanogens are likely to represent another methanogen in 
the environment (Robertson et al., 2005). Overall, there was a more diversified 
methanogenic archaea community at SM. The frequent occurrence of singletons in 
our clone libraries stress the necessity of more exhaustive sampling to obtain a fuller 
perspective on archaeal diversity (Robertson et al., 2005) but in contrast to bacterial 
libraries, a larger sampling size is not necessarily better when sampling Archaea 
(Aller and Kemp, 2008).  
 
 
 
 
 
79 
4.3 Techniques in evaluating archaeal diversity 
 A recent study which employed next-generation sequencing (NGS) 
techniques revealed a more detail archaeal communities, up to 700 OTUs from a 
polar mixed layer of the Arctic Ocean (Galand et al., 2009). Although the cloning 
method focuses on the dominant taxa (Zinger et al., 2012), Good’s coverage showed 
that more than 85% of archaeal sequence types were obtained in this study. It is 
undeniable that we have uncovered via molecular ecological methods, an enormous 
richness in diversity. We were also able to observe several clades (Figure 3.9) that 
were not previously detected in tropical waters. The occurrence of unique sequences 
which does not cluster with sequences from the database is not an unusual 
phenomenon when studying environmental sequences (Bano et al., 2004, Huang et 
al., 2011, Bhattarai et al., 2012).  
 
4.4 The expanding archaeal taxonomy 
 Although the deposition of archaeal sequences in the public databases is 
expanding dramatically, not all were affiliated with established archaeal groups, and 
this contributed to the complication of taxonomic assignments (Robertson et al., 
2005). Previous introduction of synonyms and equivalent designations for the same 
archaea lineages has increased the confusion when assigning archaea sequences 
(Teske and Sorensen, 2008). The phylogenetic features of a given archaeal 
community are relatively conserved in its particular environment (Takai et al., 2001), 
and the presence of novel archaeal communities was evident after culture-
independent analysis of rDNAs recovered from our tropical waters. However, more 
sequences from tropical waters are probably needed to support the phylogenetic 
placement of our sequences in the phylogenetic tree (Figure 3.9).  
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We did not assign specific names for these uncultured clusters to refrain from 
increasing the number of existing conflicting nomenclatures (DeSantis et al., 2006, 
Auguet et al., 2010). For example, the names of specific clusters such as SAGMCG-
1 and MCG contradicted its phylogenetic placement since SAGMCG-1 were more 
likely to belong to the phylum Thaumarchaeota and MCG has yet to show clear 
affiliations to any established archaeal phyla (Pester et al., 2011). An Archaea 
phylogenetic review is therefore crucial (Robertson et al., 2005, Vieira et al., 2007). 
Although our study contributed sequences from tropical waters in our region to the 
developing database of environmental 16S rDNA clone libraries, more sequences are 
needed from various environments to support the placement of archaeal sequences to 
its respective clusters, and more importantly, to the right phylum. 
 
4.5 Ordination analysis of OTUs to environmental variables 
 PCoA analyses showed that the archaeal communities of the four sites were 
clearly separated from each other where the first two principal coordinates (P1 and 
P2) explained 98.0 % of the total community variability. From the CCA analysis of 
archaeal OTUs in response to environmental variables (Figure 4.1), we also showed 
that the distribution of OTUs could be related to environmental variables.  
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Figure 4.1 Correspondence canonical analysis (CCA) ordination plots for the first 
two dimensions of CCA of the relationship between the archaeal OTUs with 
environmental factors. OTUs  present only in KS, PD and SM are indicated by 
points A, B and C, respectively. OTUs present only in PK was indicated by point D.  
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This plot shows the apparent collinearity of some of the environmental 
variables such as pH, dissolved oxygen concentration and salinity, that reflected 
freshwater influence. However ammonium showed an inverse relationship to 
variables related to freshwater inflow. Freshwater inflow provided nutrients and as 
freshwater inflow increased, salinity decreased. The first two axes of the CCA 
(CCA1 and CCA2) of the archaeal OTUs versus environmental variables explained 
72.4% of the cumulative variance of the OTU-environment relationship (Figure 4.1). 
Our CCA model  illustrated that Chl a concentration contributed  significantly ( P < 
0.001, 1,000 Monte Carlo permutations) to the OTU-environment relationship, 
explaining 36.1% of the total variance. OTUs  present only in KS, PD and SM were 
indicated by point A, B and C, respectively (Figure 4.1). OTUs present only in PK 
was indicated by point D.  
 
From our CCA model, we observed two distinct groups that were placed 
away from the center. Point A was comprised of 21 OTUs whereby 10 OTUs 
belonged to the MCG and 7 OTUs were affiliated with Thaumarchaeaota. Two other 
OTUs similar (> 97%) to the methanogens; Methanococcoides methylutens and 
Methanosaeta concilii were also found to be present only at KS. Although affiliated 
with Euryarchaea, the two remaining unique OTUs at KS showed a rather low 
similarity with sequences from the GenBank database (< 95%). Concurrent with the 
domination of Euryarchaea at PD, 16 out of 20 unique OTUs at PD (point B) 
belonged to the phylum Euryarchaeota. Although Point A consisted of mainly OTUs 
belonging to MCG (10 OTUs), only 1 OTU at point B were affiliated with MCG 
sequence previously retrieved from mangrove soil and 3 OTUs were affiliated with 
Thaumarchaeota (Table 3.2). The archaeal OTUs present only in KS reflected the 
effects of higher Chl a concentration whereas archaeal OTUs present only at PD 
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mirrored the seawater influence. This shows that although archaeal marine groups 
seemed to be widely distributed (Vieira et al. 2007), archaeal OTUs are still 
restricted to a particular geographical or environmental conditions. 
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CONCLUSION 
 
This study investigated the archaeal communities via 16S rRNA clonal 
library in the tropical waters of Malaysia, and found that the archaeal community 
differed significantly among the different sites. The differences among the archaeal 
community were related to environmental variables. There were also a large number 
of sequences that did not affiliate with known groups, and showed a need for more 
extensive sampling. 
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Appendix A 
 
Preparation of the reagents used in determination of urea concentration. 
 
Diacetylmonoxime solution  
Diacetylmonoxime 8.5 g 
Distilled water 250 ml 
  
  
Thiosemicarbazide solution  
Thiosemicarbazide 0.95 g 
Distilled water 100 ml 
 
To prepare Reagent A: 
1. Thiosemicarbazide solution is prepared. 
2. Diacetylmonoxime solution is prepared. 
3. 10 mL of thiosemicarbazide solution is added into 250 mLdiacetylmonoxime 
solution to obtain reagent A. 
 
Ferric chloride solution  
Ferric chloride 0.15 g 
dH2O 10 ml 
 
To prepare Reagent B: 
1. Ferric chloride solution is prepared. 
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2. 300 ml concentrated H2SO4 is diluted to 535 ml in distilled water. Sulphuric 
acid solution is then allowed to cool. 
3. 0.5 mL ferric chloride solution is then added to sulphuric acid solution. 
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Appendix B 
        Sequences of unique OTU were deposited in the GenBank database under the following accession numbers: 
Affiliation OTU Accession 
 
Description 
Euryarchaeota OS113 JQ 626967 
 
Uncultured archaeon clone KS_114 16S ribosomal RNA gene, partial sequence 
 OS128 JQ 626961 
 
Uncultured archaeon clone KS_219 16S ribosomal RNA gene, partial sequence 
 OM80 JQ 626958 
 
Uncultured archaeon clone SM_26 16S ribosomal RNA gene, partial sequence 
 OM57 JQ 626887 
 
Uncultured archaeon clone SM_295 16S ribosomal RNA gene, partial sequence 
 OM60 JQ 626892 
 
Uncultured archaeon clone SM_27 16S ribosomal RNA gene, partial sequence 
 OM49 JQ 626878 
 
Uncultured archaeon clone SM_42 16S ribosomal RNA gene, partial sequence 
 OM9 JQ 626928 
 
Uncultured archaeon clone PK_147 16S ribosomal RNA gene, partial sequence 
 OM36 JQ 626980 
 
Uncultured archaeon clone SM_24 16S ribosomal RNA gene, partial sequence 
 OK102 JQ 627016 Uncultured archaeon clone PK_291 16S ribosomal RNA gene, partial sequence 
 OD91 JQ 626873 
 
Uncultured archaeon clone PD_311 16S ribosomal RNA gene, partial sequence 
 OM5 JQ 626889 
 
Uncultured archaeon clone SM_98 16S ribosomal RNA gene, partial sequence 
 OD94 JQ 626943 
 
Uncultured archaeon clone PD_92 16S ribosomal RNA gene, partial sequence 
 OD25 JQ 626940 
 
Uncultured archaeon clone PD_125 16S ribosomal RNA gene, partial sequence 
 OM2 JQ 626834 
 
Uncultured archaeon clone PD_297 16S ribosomal RNA gene, partial sequence 
 OM24 JX103592 
 
Uncultured archaeon clone PD_349 16S ribosomal RNA gene, partial sequence 
 OM3 JX 103572 
 
Uncultured archaeon clone SM_109R 16S ribosomal RNA gene, partial sequence 
 OD92 JQ 626875 
 
Uncultured archaeon clone PD_163 16S ribosomal RNA gene, partial sequence 
 OD21 JQ 626845 
 
Uncultured archaeon clone PD_43 16S ribosomal RNA gene, partial sequence 
 OK22 JQ 626844 
 
Uncultured archaeon clone PK_140 16S ribosomal RNA gene, partial sequence 
 OM71 JQ 626842 
 
Uncultured archaeon clone SM_163 16S ribosomal RNA gene, partial sequence 
 OD82 JQ 627014 
 
Uncultured archaeon clone PD_174 16S ribosomal RNA gene, partial sequence 
 OM27 JQ 626985 Uncultured archaeon clone SM_217 16S ribosomal RNA gene, partial sequence 
 OD28 JQ 626949 
 
Uncultured archaeon clone PD_187 16S ribosomal RNA gene, partial sequence 
 OD88 JX 103583 
 
Uncultured archaeon clone PD_357R 16S ribosomal RNA gene, partial sequence 
 OD96 JQ 626947 
 
Uncultured archaeon clone PD_71 16S ribosomal RNA gene, partial sequence 
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 OD85 JQ 627018 
 
Uncultured archaeon clone PD_167 16S ribosomal RNA gene, partial sequence 
 OM20 JQ 626862 
 
Uncultured archaeon clone SM_148 16S ribosomal RNA gene, partial sequence 
Euryarchaeota OD89 JX 103589 
 
Uncultured archaeon clone PD_18 16S ribosomal RNA gene, partial sequence 
 OD95 JQ 626945 
 
Uncultured archaeon clone PD_265 16S ribosomal RNA gene, partial sequence 
 OD90 JX 103590 
 
Uncultured archaeon clone PD_221 16S ribosomal RNA gene, partial sequence 
 OD83 JX 103581 
 
Uncultured archaeon clone PD_178R 16S ribosomal RNA gene, partial sequence 
 OD23 JQ 626938 
 
Uncultured archaeon clone PD_195 16S ribosomal RNA gene, partial sequence 
 OM31 JQ 626867 Uncultured archaeon clone PK_301 16S ribosomal RNA gene, partial sequence 
 OM32 JQ 626865 
 
Uncultured archaeon clone SM_318 16S ribosomal RNA gene, partial sequence 
 OD30 JQ 626870 Uncultured archaeon clone PK_173 16S ribosomal RNA gene, partial sequence 
 OM29 JQ 626959 Uncultured archaeon clone SM_268 16S ribosomal RNA gene, partial sequence 
 OM4 JQ 626849 Uncultured archaeon clone SM_319 16S ribosomal RNA gene, partial sequence 
 OM47 JQ 626874 Uncultured archaeon clone SM_165 16S ribosomal RNA gene, partial sequence 
 OK103 JX 103578 Uncultured archaeon clone PK_167R 16S ribosomal RNA gene, partial sequence 
 OM1 JQ 626937 Uncultured archaeon clone PD_158 16S ribosomal RNA gene, partial sequence 
 OD98 JQ 626956 Uncultured archaeon clone PD_76 16S ribosomal RNA gene, partial sequence 
 OM48 JQ 626877 
 
Uncultured archaeon clone SM_218 16S ribosomal RNA gene, partial sequence 
 OM68 JQ 626900 
 
Uncultured archaeon clone SM_74 16S ribosomal RNA gene, partial sequence 
 OM43 JQ 627011 
 
Uncultured archaeon clone SM_191R 16S ribosomal RNA gene, partial sequence 
 OD87 JQ 626868 
 
Uncultured archaeon clone PD_123 16S ribosomal RNA gene, partial sequence 
 OK106 JQ 626926 
 
Uncultured archaeon clone PK_289 16S ribosomal RNA gene, partial sequence 
 OM61 JQ 626893 
 
Uncultured archaeon clone SM_1 16S ribosomal RNA gene, partial sequence 
 OM41 JQ 627004 
 
Uncultured archaeon clone SM_34 16S ribosomal RNA gene, partial sequence 
 OM75 JQ 626910 
 
Uncultured archaeon clone SM_302 16S ribosomal RNA gene, partial sequence 
 OM70 JQ 626906 
 
Uncultured archaeon clone SM_121 16S ribosomal RNA gene, partial sequence 
 OM55 JQ 626884 
 
Uncultured archaeon clone SM_267 16S ribosomal RNA gene, partial sequence 
 OM53 JQ 626882 
 
Uncultured archaeon clone SM_237 16S ribosomal RNA gene, partial sequence 
 OM46 JQ 626869 
 
Uncultured archaeon clone SM_162 16S ribosomal RNA gene, partial sequence 
 OM63 JQ 626895 
 
Uncultured archaeon clone SM_199 16S ribosomal RNA gene, partial sequence 
105 
 OM52 JQ 626881 
 
Uncultured archaeon clone SM_275 16S ribosomal RNA gene, partial sequence 
 OM58 JQ 626890 
 
Uncultured archaeon clone SM_69 16S ribosomal RNA gene, partial sequence 
 OM79 JQ 626953 
 
Uncultured archaeon clone SM_151R 16S ribosomal RNA gene, partial sequence 
 OM59 JQ 626891 
 
Uncultured archaeon clone SM_46 16S ribosomal RNA gene, partial sequence 
Euryarchaeota OS112 JQ 626966 
 
Uncultured archaeon clone KS_226 16S ribosomal RNA gene, partial sequence 
 OS122 JQ 626992 
 
Uncultured archaeon clone KS_183 16S ribosomal RNA gene, partial sequence 
 OM26 JQ 626833 
 
Uncultured archaeon clone PK_300 16S ribosomal RNA gene, partial sequence 
 OD97 JQ 626951 Uncultured archaeon clone PD_177 16S ribosomal RNA gene, partial sequence 
    
MG - I OM65 JQ 626839 Uncultured archaeon clone SM_289 16S ribosomal RNA gene, partial sequence 
 OK108 JQ 626936 
 
Uncultured archaeon clone PK_170 16S ribosomal RNA gene, partial sequence 
 OK15 JQ 626840 
 
Uncultured archaeon clone PK_279 16S ribosomal RNA gene, partial sequence 
 OM38 JQ 626989 
 
Uncultured archaeon clone SM_182 16S ribosomal RNA gene, partial sequence 
 OK14 JX 103593 
 
Uncultured archaeon clone KS_215 16S ribosomal RNA gene, partial sequence 
 OM33 JQ 415913 
 
Uncultured archaeon clone SM_300 16S ribosomal RNA gene, partial sequence 
 OK104 JQ 626837 Uncultured archaeon clone PK_286 16S ribosomal RNA gene, partial sequence 
 OK16 JQ 626860 
 
Uncultured archaeon clone KS_248 16S ribosomal RNA gene, partial sequence 
 OM11 JQ 626838 
 
Uncultured archaeon clone PD_219 16S ribosomal RNA gene, partial sequence 
 OM50 JQ 626879 
 
Uncultured archaeon clone SM_140R 16S ribosomal RNA gene, partial sequence 
 OM7 JQ 626981 
 
Uncultured archaeon clone SM_305R 16S ribosomal RNA gene, partial sequence 
 OS123 JQ 626994 
 
Uncultured archaeon clone KS_95 16S ribosomal RNA gene, partial sequence 
 OD93 JQ 626841 
 
Uncultured archaeon clone PD_235 16S ribosomal RNA gene, partial sequence 
 OD86 JX 103582 
 
Uncultured archaeon clone PD_332R 16S ribosomal RNA gene, partial sequence 
 OS127 JQ 626843 
 
Uncultured archaeon clone KS_211 16S ribosomal RNA gene, partial sequence 
 OM12 JQ 627002 
 
Uncultured archaeon clone PK_168 16S ribosomal RNA gene, partial sequence 
 OS129 JQ 626962 
 
Uncultured archaeon clone KS_160 16S ribosomal RNA gene, partial sequence 
 OS13 JX 103594 Uncultured archaeon clone KS_247 16S ribosomal RNA gene, partial sequence 
 OK99 JQ 626861 
 
Uncultured archaeon clone PK_287 16S ribosomal RNA gene, partial sequence 
 OS110 JQ 626963 
 
Uncultured archaeon clone KS_176 16S ribosomal RNA gene, partial sequence 
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 OM19 JQ 627006 
 
Uncultured archaeon clone KS_200 16S ribosomal RNA gene, partial sequence 
 OM45 JQ 627017 Uncultured archaeon clone SM_166 16S ribosomal RNA gene, partial sequence 
 OD84 JX 103588 
 
Uncultured archaeon clone PD_109 16S ribosomal RNA gene, partial sequence 
 OS120 JQ 626990 
 
Uncultured archaeon clone KS_124 16S ribosomal RNA gene, partial sequence 
 OM18 JQ 626954 
 
Uncultured archaeon clone KS_115 16S ribosomal RNA gene, partial sequence 
 OS111 JQ 626965 
 
Uncultured archaeon clone KS_34 16S ribosomal RNA gene, partial sequence 
MG - I OM17 JQ 415912 
 
Uncultured archaeon clone PK_187 16S ribosomal RNA gene, partial sequence 
 OM76 JQ 626911 
 
Uncultured archaeon clone SM_187R 16S ribosomal RNA gene, partial sequence 
    
SAGMCG-1 OM40 JQ 627003 
 
Uncultured archaeon clone SM_117 16S ribosomal RNA gene, partial sequence 
    
MCG OS119 JQ 626976 
 
Uncultured archaeon clone KS_120 16S ribosomal RNA gene, partial sequence 
 OK100 JQ 626988 
 
Uncultured archaeon clone PK_96 16S ribosomal RNA gene, partial sequence 
 OM67 JQ 626898 
 
Uncultured archaeon clone SM_56 16S ribosomal RNA gene, partial sequence 
 OM56 JQ 626886 
 
Uncultured archaeon clone SM_294 16S ribosomal RNA gene, partial sequence 
 OM73 JQ 626908 
 
Uncultured archaeon clone SM_235 16S ribosomal RNA gene, partial sequence 
 OM8 JQ 626979 
 
Uncultured archaeon clone SM_62 16S ribosomal RNA gene, partial sequence 
 OM74 JQ 626909 
 
Uncultured archaeon clone SM_7 16S ribosomal RNA gene, partial sequence 
 OM77 JX 103576 
 
Uncultured archaeon clone SM_90 16S ribosomal RNA gene, partial sequence 
 OM69 JQ 626904 
 
Uncultured archaeon clone SM_243 16S ribosomal RNA gene, partial sequence 
 OS114 JQ 626968 
 
Uncultured archaeon clone KS_149 16S ribosomal RNA gene, partial sequence 
 OM39 JQ 626998 
 
Uncultured archaeon clone SM_112 16S ribosomal RNA gene, partial sequence 
 OM78 JQ 626854 
 
Uncultured archaeon clone SM_336 16S ribosomal RNA gene, partial sequence 
 OM6 JQ 626993 
 
Uncultured archaeon clone KS_245 16S ribosomal RNA gene, partial sequence 
 OK101 JQ 626997 
 
Uncultured archaeon clone PK_331 16S ribosomal RNA gene, partial sequence 
 OS126 JQ 627010 
 
Uncultured archaeon clone KS_204 16S ribosomal RNA gene, partial sequence 
 OS116 JQ 626973 
 
Uncultured archaeon clone KS_154 16S ribosomal RNA gene, partial sequence 
 OM34 JQ 626856 
 
Uncultured archaeon clone SM_306 16S ribosomal RNA gene, partial sequence 
 OS124 JQ 626995 
 
Uncultured archaeon clone KS_134 16S ribosomal RNA gene, partial sequence 
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 OK107 JQ 626930 
 
Uncultured archaeon clone PK_238 16S ribosomal RNA gene, partial sequence 
 OM37 JQ 626987 
 
Uncultured archaeon clone SM_80 16S ribosomal RNA gene, partial sequence 
 OK105 JQ 626925 Uncultured archaeon clone PK_84 16S ribosomal RNA gene, partial sequence 
 OK109 JQ 626957 
 
Uncultured archaeon clone PK_215 16S ribosomal RNA gene, partial sequence 
 OM51 JQ 626880 
 
Uncultured archaeon clone SM_106 16S ribosomal RNA gene, partial sequence 
 OM44 JQ 627015 
 
Uncultured archaeon clone SM_150 16S ribosomal RNA gene, partial sequence 
 OS10 JQ 626970 
 
Uncultured archaeon clone KS_222 16S ribosomal RNA gene, partial sequence 
 OS118 JQ 626975 
 
Uncultured archaeon clone KS_137 16S ribosomal RNA gene, partial sequence 
MCG OM62 JQ 626894 
 
Uncultured archaeon clone SM_147 16S ribosomal RNA gene, partial sequence 
 OM35 JQ 626977 
 
Uncultured archaeon clone SM_125 16S ribosomal RNA gene, partial sequence 
 OM72 JQ 626907 
 
Uncultured archaeon clone SM_224 16S ribosomal RNA gene, partial sequence 
 OM42 JQ 627009 
 
Uncultured archaeon clone SM_82 16S ribosomal RNA gene, partial sequence 
 OS115 JQ 626969 
 
Uncultured archaeon clone KS_164 16S ribosomal RNA gene, partial sequence 
 OD81 JQ 626982 
 
Uncultured archaeon clone PD_329 16S ribosomal RNA gene, partial sequence 
 OS117 JQ 626974 
 
Uncultured archaeon clone KS_106 16S ribosomal RNA gene, partial sequence 
 OM54 JQ 626883 
 
Uncultured archaeon clone SM_254 16S ribosomal RNA gene, partial sequence 
 OM64 JQ 626896 
 
Uncultured archaeon clone SM_78R 16S ribosomal RNA gene, partial sequence 
 OS121 JQ 626991 
 
Uncultured archaeon clone KS_128 16S ribosomal RNA gene, partial sequence 
 OS125 JQ 626999 
 
Uncultured archaeon clone KS_182 16S ribosomal RNA gene, partial sequence 
 OM66 JQ 626897 Uncultured archaeon clone SM_71 16S ribosomal RNA gene, partial sequence 
 
 
